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ABSTRACT 


An alternate excitation technique for high power, continuous wave 
carbon dioxide lasers is described. In this Photo-initiated Impulse- 
enhanced, Electrically-excited (P.I.E.) approach, the laser plasma 
is generated and maintained through sequential photo and impulse 
ionization processes in a controlled repetitive manner. Primary 
vibrational excitation is subsequently provided by a continuous non- 


avalanching dc discharge. 


The design and construction of an experimental 1 kW pulse 
sustained co, laser employing this excitation technique is presented. 
The results of a detailed parametric study and companion computer 
modeling of this machine are also given. The experimental data and 
operational characteristics strongly indicate that the P.I.E. excitation 
approach is a viable and less expensive, alternative to high energy 


electron beams in high power CO, laser design. 


2 
Hard U.V. from spark plugs and ionizing pulse were generated by 

discharging capacitors by means of a thyratron (Hyl802). Reliable 

pulse operation was achieved with the help of a set of saturable 

inductors that efficiently isolated the power supply and pulse circuit. 

A resonant charging scheme transferred more than 90% of the source 

energy to the U.V. and ionizing pulses, at a rate of more than 20kHz and 


at a voltage in excess of 20 kV. 


The most durable and efficiently cooled U.V. transmitting anode 
was found to be a grate-type electrode constructed with 6.3 mm diameter 
copper tube. An electrolytic solution ballasted and cooled pin 


cathode exhibited the most satisfactory performance. Extensive 


a) i i” ' at) wey at ore *, Be i) 
, yh . A : U ’ im 7 
Su Petey Vio sna a 
J Vere ance ‘yan i F ae 
1 ie y YG HT é ‘mn 3 ” ¥, 
yy ¥ ae ae i y- : i, - 
aS.) e | 


a : ¥ i] 


ava evocative» semi, 9 in ee Sirius oaseenste aA | - | 
aeetuget ‘hada sata oid Coie ule stssaab nt ‘areeed shixelb 2 : 
amnsite, Souht. ‘elie aang re i, ids oH) SoabereiecanPinoat® 
‘eedoqins bon ea jniig teingopae dooite bast ching ta bedi 


| oan) = “TRAGAI wba tisest bal fe¥oaus BS we -setsony 4 


= ft nt Syegelate & wd ‘betes at {ednadane Py. p avbye verry BPAY | 
Ath J a NY f 


=~. hon 


| is " (potions sit " 
ae : aa a F 


| Se ‘ " a) 
Seth we VE Tes! 7 fti)) Br) HOF JU eneo fue tgtabe ath i 
habe 88 angst men nit Bias ed 1 Gatlee tise stant gh 
sate: OG inet ‘bis ote 4a lnioeeten ad ean a je viel 


q 


hips. asia sarap ton ce Penis eds joe mia is tes 

pode Hoty a, i, e sd! aie dveathik wfhap ate aaikepeestie xpi jake 

tas dee Hy. ‘avidlversia ts 5 abkensga: wee bite aba és a \iae 

: aeabh dear 1g 8006 re Hk alewerd ae 

uA bessasoy. arey pied Shisg.tygh aps Gants wien meat eva bie ‘ae 

si asa ten: _ (sang norssaingtit Bay ‘etaea ca ae ahaa aie 

‘phi. te isa Ye deni ty stb Raabe: ae natte xii & i a 
stan anit bas, vila ag ei besrdoet Viseotqttlka “wealsy eee. 

| Specie angie Atta Breh beter tooo Higaihire onitesailo Senge Be on 

Bh a es ad esa seating Presto es, 2%. Uo, ideaael 4 7 

a) i + OMIENES. Ip) ezenns' int Scotia 4 


ey dersiensone ‘Eiitel halighat'hs ta Si dviuk sake sit i“ a | 


vere oneen bests bea OUy a ng alee Sot sigte bas birtind ‘ably 


ee 


Ady bey « Inc iidveststs fh ah : 


niga a) 


7 
{ 


experimentation documented that both electrodes are suitable for 


a high power TE laser. 


Most of the cathode pin materials tested, such as tungsten, 
nickel, steel, aluminum, copper and brass showed poor performance due 
to excessive corrosion and/or unnecessary passivation of the surface. 
Stainless steel, on the other hand proved to be an evoailant material, 
exhibiting the lowest corrosion rate in a potassium carbonate aqueous 
solution (K,CO, ot H,0) and the lowest sputtering rate in the gas discharge. 
A potassium carbonate aqueous solution has shown excellent performance 
as the ballasting agent. Assuming that each pin carries 50 mA dc 
current the lifetime of the pins in the distributed cathode has been 
calculated to exceed 1000 hours. Economical industrial applications 


thus appear fully feasible. 


Approximately 33 kW of de  sustainer power was pumped into a 
3.7 litre discharge volume. This value, corresponding to a power 
density of 8.8 ican is near the thermal limit for the laser gas having a 
2ms residence time. Approximately 1.2 kW of optical output power, 


(0.3 wien was extracted using a 5-pass optical system. 


2 
With a focused power density of % Diacio> W/em , the laser beam 
easily cut through 2 cm thick carbon steel. Excellent penetration 


butt-joint welding was also achieved on 3 mm wall pipe. 
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CHAPTER 1 


INTRODUCTION 

The increasing application of high power lasers in science and 
industry has intensified research and development on carbon dioxide 
gas lasers. With a relatively short 13-year history, the CO, laser 
has assumed a leading role in industrial applications. High efficiency 
and the capacity for convenient electrical excitation have made the 
Electrical Discharge Laser (E.D.L.) especially popular and widely used. 
Experience has shown however, that electrically excited lasers cannot 
be arbitrarily increased in size and power level because of active 


volume scaling limitations imposed by the onset of electric discharge 


instabilities. 


Over the years a wide variety of discharge systems have been 
developed in an attempt to produce the large volume uniform glow dis- 
charges essential for proper high power laser operation. Among 
many different forms of these,fast flow devices have been constructed 
and operated with great success. Further improvement has been made by 


incorporating preionizing techniques into the flow system. 


This thesis addresses itself to the topic by reporting on the 
development,and characterization of a new type of pulser maintained laser. 
In this device both photo and impulse ionization processes are utilized 
to generate and maintain the required plasma density within the active 
volume. The term P.I.E. is used in this work as an acronym for 
"Photo-initiated, Impulse-enhanced, Electrically-excited, and as such 


describes the methods of operation. 
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1-1 Scope of the Thesis 


The body of this thesis presents the results of an in-depth 
parametric study on this experimental P.I.E. laser. The extensive 
amount of data collected serves the dual purpose of device character- 


ization as well as a foundation for a comprehensive computer modeling. 


The specific format adopted in this thesis presentation is as 
follows: Chapter 1 briefly outlines the historical and sequential 
developments in high power carbon dioxide lasers, from both experimental 
and theoretical standpoints. 

Chapter 2 describes the design and constructional aspects of 
the P.I.E. laser which forms the basis of this research project. 
Experimental data depicting electrical and optical operational 
parameters of the device are consolidated in Chapter 3. 
Device characterization by a computer-modeling forms the 
subject matter of Chapter 4. The experimentally measured data is 


compared with theoretical calculations. 


A conclusion and discussion has. been made in Chapter 5. Also 


future research work is suggested in this Chapter. 
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1-2 Historical Review of High Power CO, C.W. Laser 


2 


Patel's first successful operation of a C.W. carbon dioxide laser 


in 1964‘)? 


marked the dawn of an era in the development of high power 
lasers, suitable for industrial application. The subsequent utilization 
of N, and He gases in the laser gas mixture increased the initial milliwatt 


(2) 


output power level by many orders of magnitude 


The relevant energy levels of the CO, laser are shown in Figure 


Z 
1-1. He does not appear in the level diagram because it does not affect 
the pumping or deactivating of the upper laser level (00°1). The CO 
appearing in the level diagram is produced by the dissociation of co, 


under an electric discharge. N, in the co, laser mixture acts as an 
energy storage reservoir for the upper laser level (00°1), while He 
is an effective coolant that keeps the lower laser levels' (10°0, 
02°0) population low by slowing down thermal excitation. 


As soon as the benefits of cooling the laser gas mixture were 


(3) 


recognized, convective and water cooling concepts were adopted as an 
integral part in high power laser design. The importance of cooling 

of the laser gas mixture can be readily understood if one considers the 
fact that laser output energy extraction efficiency is only a few 


percent. The residual part of the input energy merely serves to increase 


the gas enthalphy. 


The population inversion between the lower laser levels (10°0 


and 02°0) and the upper laser level (00°1) decreases with increasing gas 


temperature. Available Ravi ca omens shows that the population inver- 


sion for the 10.6um transition (00°1 to 10°0) drops to zero when the 
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Figure 1-1 Energy Level Diagram of the co, Laser Gas 
Mixture at 400 °K 


V-T Vibrational - Translational 
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temperature of the gas rises to 680°K, while the population inversion 
for the 9.6yum transition (00°1 to 02°0) goes to zero when the gas temp- 


erature rises to 400°K. 


Most present day high power co, lasers employ gas transport 
systems which circulate the gas mixture through built-in heat exchangers. 
This technique provides an effective method for removal of residual 


translational energy from the lasing volume. 


In 1969 Tiffany and Targ employed a transverse flow (TF) and 
longitudinal excitation technique to produce 1.1kW of C.W. power from 


(4) 


an active volume only 1 m long The advantage of transverse-flow 
over longitudinal flow can be explained in terms of the gas residence 
time. The gas residence time, Tr, is defined as d/u where d is the 
discharge dimension in the flow direction, and u is the gas transport 
velocity. Consequently, Tr is an effective parameter in determination 
of gas heating effects within the discharge volume. For a given gas 
flow velocity a transverse flow geometry will clearly provide a much 


shorter gas residence time with a concomitant decrease in translational 


temperature of the active region. 


Experiment has demonstrated that the optimum field-pressure ratio(E/ P) 


5 
for efficient co, laser performance is in the region of 10 to 50 Roederer ) 
A one meter longitudinal discharge at 100-terr would thus require an 
excitation voltage in the many hundred kilovolt range. Consequently, 


this is not a practical situation for C.W. pumping. 


Longitudinal flow and excitation systems have a further disadvant- 


age in that discharge uniformity and stability are difficult to achieve 
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at high pressure. Consequently, such systems are generally restricted 
to low pressure operation, usually below 20-torr. For these reasons, 
longitudinal excitation and flow geometries are not suited to multi- 


kilowatt laser design. 


Modern high power CO, lasers employ a transverse excitation 
(T.E.) and flow (IT.F.) technique in which the electric field, gas flow 


ci. 577, As T.F. and T.E..tech- 


and optical axis are mutually orthogonal 
niques became popular in multikilowatt laser design, the dimension of 
the discharge was changed in such a way that it became shorter in the 
optical axis and wider in the gas flow direction. In order to achieve 
efficient laser power extraction from these wide discharge volumes, 
multipass optical configuration have been widely used. Most of the 
large volume multipass systems have been operated with MOPA (master 


(10) 


oscillator power amplifier) configurations due to difficulties in 
mirror alignment and output coupling. 


Ine t971 Eckbrerh <0? 


reported on a 1.2 kWC.W. laser amplifier 

using a 5-pass optical system. A modified etatone © produced a 1.4 kW 

C.W. laser output with a 14kW input, at 46 torr, (CO, : N, obey sere tat] 
12). i121 °®) built a 20 kW C.W. laser amplifier equipped with a 


17-pass optical system. A 100 kW reproducible power input was achieved 


at 50-torr with a mixture ratio of co, : N, OTe, ween tsa 2 Ole 


One factor that the above lasers have in common is the very low 
partial pressure of carbon dioxide used in the lasing mixture. This is 
consistent with the findings from the author's project. With a total 
operating pressure of about 50-torr, typically less than 2-torr is 


carbon dioxide. 
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In 1970 a new concept of laser pumping was reported by Gerry 
In this Gas Dynamic Laser (G.D.L.) the laser gas mixture was heated 
under pressure and expanded through a supersonic nozzle. A multimode, 
continuous wave power output of 60 kW from a co, - N, - He gas dynamic 


laser was obtained. 


Locke ‘L9) was 


also successful in building a 30 kW C.W. laser by 
using a gas dynamic pumping concept. The maximum output power obtained 


from his system was 55 kW. 
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1-3 Excitation Techniques for CO., Lasers 


Two pumping methods have been widely used for high power co, 
lasers. One method is thermal pumping and adiabatic expansion cooling 


(9,10). In 


of the laser gas mixture, known as Gas Dynamic Pumping 
these systems, the rapid change in the translational temperature of the 
expanded gases causes the excited vibrational states of the molecules 

to relax toward thermal euicialit beatin Oe Since the various V-V and 

V-T processes involved proceed at different rates, a temporary population 
inversion (the population of the upper laser level,00°1, becomes larger 


than that of the lower laser levels, 10°0 or 02°0) can be produced in 


the expanding supersonic stream. 


The other and even more commonly utilized laser excitation tech- 
nique is "Electric discharge" pumping. In this process the lasing gas 
molecules receive energy via two or three body collisions with the 
abundant discharge electrons. The two predominant pumping mechanisms 
are (A) direct electron impact and (B) resonance transfer of energy 


between Ny (v=1) and co, (00° 1). 
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1-3-1 Pumping by Electron Impact 


The basic pumping mechanism in an electric discharge is associated 
with energy transfer from discharge electrons to the appropriate upper 
vibrational levels of N, and CO,. The fractional power transfer data 


2 2 
(48) 


obtained by Wutzke is reproduced in Figure 1-2 for reference purposes. 


A large fraction of the electron energy (v 45%) is transferred directly 
to the co, upper laser level (00°1) for an E/N (electric field/neutral 
particle density) of Lone Veom a This is attributed to the very large 
vibrational excitation cross sections at low electron energies. Hake 

and Eero have measured four cross section peaks for vibrational 
excitation of CO, by4ebectron dmpact at 0.08, 0.3, 0.6uand 0.9 eV. i They 
areyd, 3,483.2 and 2.28107. ° & respectively. Hake and Phelphs associated 
the 0.3, 0.6 and 0.9 eV with the three levels of the asymetric mode 


(v3; 2. nd 3v.4) of the CO, molecules and 0.08 eV with the lowest 


3 2 


bending mode (v5)- This can be understood by referring to Table 1-1 


showing the vibrational energy of the different modes. 
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Figure 1-2 Fractional Electric Power Transfer ina cO., 


Laser Gas Mixture 


CO.,:N, :He #157320) (Ret 48) 
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TABLE 1-1 
Basic Vibrational Energy of CO, Modes 
State of vibration mode 4 Vo V3 
Energy in wave numbers cm-l 1337 667 2349 
Energy in electron volts eV 0.0166 0.083 One 


* leV = 8065.8 Late 


Figure 1-2 also indicates that Ny is effectively excited by the 


electrons in the energy range 0.6 - 3.0 eV. The total excitation 


(20) 


cross section, Con? of N, has been investigated by Boness and Schulz 


-16 2 
and shown that it reaches a maximum value of Vv 3x10 em at electron 


2 


energy v 2.3 eV. 
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1-3-2 Resonant Transfer 


With such a large excitation cross section, N, is very readily 


2 


excited by hot electrons in the discharge. The energy of the first 


vibrational level of N, is extremely close to the co, 


(00°1), and the energy transfer takes place from the N, molecules to 


the co, upper laser level (00°1) by collisions of the second kind i.e. 


upper laser level 


resonant transfer. Because Ny has a zero permanent dipole moment, Ny 
in the v=l vibrational level cannot decay to the ground state. Therefore, 


it is reasonable to assume that most of the vibrational energy of the 


Ny molecules is transferred to the cO., upper laser level (00°1). 


This process can be expressed by an energy balance equation as 
follows: 


1 


= ° ' = x = 7 
N, (v=1) a co, (0070) kul kv NA Cv=0) 4.0, (O07 T) 18 cm 


Z 2 


(Tl) 


which represents a mixed state of Ny (v=1) and co, (O01) 2 - Thus Ny 
acts as an energy reservoir in the co, laser gas mixture, that increases 


the effective lifetime of the CO, (O0°L) state. 


Furthermore, a substantial amount of CO is present in the laser 
gas mixture as a result of dissociation of co, during the electric 
discharge. The pressure of CO can be greater than 50% of the original 

(12) : : EM eherd 
CO, pressure and contributes to the effective pumping of the laser 
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gas mixture by the following process: 
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CO, (00°1) + CO (v=0) kv(CO) CO, (00°0) + CO (v=1) + 206 eae 


(1-2) 


Even though the energy resonance is not as close as that of equation 
(1-1), this reaction appears to be very significant; particularly for 
sealed-off CO, laser operation. Above the k's represent the rate 


constants. 


An estimate of laser output may be made if one assumes that the 
dominant pumping mechanism is resonance transfer from N, (v=1) to 


co, (00°1). At 1 torr of N, partial pressure the rate of excitation of 


2 
Nos X4 is equal to: 


X4 = N, N, “rN, Va Cl=3) 
ieee 
Where No is the number density of the Nos 2.687x10 X 560 > 


Ne is the electron density, is the total excitation cross section 


oO 

TN, 
of N, (v=1-8),v, is the electron drift velocity and PN, is the N, pressure. 
Assigning the laser parameters as follows: PN, ="LO) torr, then 
No=3 54100 oem 


No=2x107° fem? 


v 4710! cm/sec 
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then the N, excitation rate is Kd 280% ere ee) If a laser tube is 


Zz 


TOOTcm Lone and) 2.5 em i.d., this rate could produce a total of 


wu gee 10e7 quanta/sec or equivalent to an output power of v 200W. 
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1-4 Relaxation Processes of Laser Gas Mixture 


In order to extract laser power from the system a population 
inversion must first be established. This population inversion may be 
achieved by pumping the laser gas mixture to the upper laser level 
(00°1) or alternatively by relaxing the population of the lower laser 
level (10°00). But both processes are actually utilized simultaneously. 
It is well established that He plays a very important role in the lower 
laser levels (10°0, 02°0) relaxation but it has negligible effects on 
the excitation and deactivation of the upper co, laser level (00°1). 

The relaxation processes of the lower laser levels (10°0, 02°0) are 
comparable in magnitude to the resonance transfer process for 

excitation of the upper laser level (00°1). This explains why the use 

of a CO, -He mixture ina CO, laser results in an equal or slightly 

higher power output than that of a cO,-N, oat ey One of the levels 
actively involved in the relaxation rate is the lowest bending mode (orto). 
This acts as a "bottle-neck" when the translational gas temperature is 
high enough (v 300°C) for the level to be thermally populated. The re- 


iv ; : ; A 
laxation process for the 01 0 level is a vibrational-to-translational 


(V-T) energy exchange and can be described by: 


1 


ub kv, Of) = 
CO, (01-0) + M CO, (00°0) +M + 667 cm (1-4) 


where M is the collision particle and kv5 (M) denotes the relaxation 


rate constant for the collision with particle M. 


Since it is now known that the relaxation rate of the lowest bending 
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1 : Ce ae 4 : : 
mode, 01 0, is the limiting factor for population inversion, several 
relaxants are deliberately added. Often, effective relaxants exist 


naturally as the product of CO, dissociation under electric discharge 


Z 
conditions, such as CO. Recently the CO has been recognized as a 
moderate relaxant of the o1to level as well as an effective pumping 


agent of the 00°1 Pdopen en'e 


The most effective relaxant for the o1to level is H,0. Hydrogen 
gas is often added to the laser gas mixture since it combines with 
oxygen to produce H,0 under electric discharge conditions. However, 
H,0 or Hy is not extensively used in the high power laser systems 
because it also relaxes the upper laser level (00°1) very effectively. 
In addition, water vapour appears to readily quench the discharge. 
Less than 1 torr of water vapour quenched the glow discharge in the 
50 torr laser gas mixture tested, and eventually an arc developed. 
Therefore, when H,0 or H, is used as a relaxant, care must be taken 
to control the concentration for the best operation. 

Even though He deactivates the o1to level less effectively, 
the best resultant population inversion can still nevertheless be 
obtained with He because it does not affect the upper laser level (00°1). 
Moreover, He also plays an important role in maintaining the energy 
distribution of electrons within the discharge in the proper range for 
(5) 


more efficient excitation of co, molecules 


It is also necessary to consider the relaxation rates of the 
lower laser levels, 10°0O and 02°0. The relaxation of these two lower 


laser levels couple through a Fermi resonance. The Raman spectrum 
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consists of two lines at 1285.5 and 1388.3 enn which are somewhat 
deviated from the 1334.6 is (2V,,=667. 3x2) for the 02°0 level and 

£337 ay for the 10°0 level respectively. The energy levels of these 
two lines (1337 and 1334.6 i) are almost in resonance and leads to 
a perturbation of the energy levels. As a result the 10°0O level shifts 
up by 51.3 SHEEN IRD. shaGua ides by 49.1 ehh Wate nesasrine 
time a mixing of the eigen-functions of the two levels occurs. The two 
mixed eigen-functions are expressed as (10°0, 02°0)' and (10°0, 02°0)" 
and the vibrational-vibrational (V-V) energy exchange between the two 


levels is described by 


kF & 
co, (10°0, 02 70)eek M CO, (L020 (9027 0!" aM ea Qn om i 


Gis5 ) 


Both of these two levels can decay to the lowest level of the bending 


mode (o1to) through resonant processes: 


k(v, »2v) l ay 

CO, (10°0, 02°O)' + co, (000) 20, (01 0) + 50 cm 
Clis-6?) 
k(v42Vo) 1 


2 1 - 
co, (10°0, 02 C ae CO, (000) 2C0, (01 Oi d-3 52 fem 


Ch) 


The rate constant k(v »2vo) is several orders of magnitude faster 


than the rate of a second-order transition, such as 10°0 + 01.0, which 
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would require a Raman-like perturbation(10°0O > 00°0 > oro He, 
CO. , CO and Xe yield the same order of magnitude of relaxation rates 


while N, yields a three order of magnitude slower rate. 


The relaxation rate of the upper laser level (00°1) is at least 
one order of magnitude smaller than that of the other levels. In most 
cases, the relaxation of co. upper laser level (00°1) takes place 


through the V-V coupling between upper (00°1) and lower laser levels 


(10°0 or 02°0) “4). 


CO, (00°1) +M+ CO, (02°0) +M + 416 Shee (1-8) 


ay) 


Yardley and Moore pointed out that in the case of noble gases, 
the most favorable collisions for the deactivation of the upper laser 

level (00°1) occur when only a small amount of energy on the order of 

kT is exchanged with the translational mode. The highest transition 
probability for the intermolecular V-V energy transfer, when the difference 
of energy levels lies within a few hundred sane is due mainly toa 

mixing of vibrational states through anharmonicity. Therefore, this 


process cannot be very efficient compared with other collisional relax- 


ation processes, 


Although diffusion also plays an important role in the deactivation 
of the excited CO, molecules, it is pressure dependent. For CO., 
pressures greater than 1 torr, overall relaxation is dominated by 
collisional relaxation. Because the system under consideration is being 


operated with % 2 torr of CO,» only collisional relaxation need be 


considered. 
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Rotational relaxation within a vibrational state occurs extremely 


(11) 


fast. Cheo showed that the collision time for hard sphere collisions 


is about 100ns at 1 torr. This corresponds to a rate constant of 10! 


torr sec. » 1£ rotational thermalization occurs in one collision. Cheo 
also showed experimentally that the rotational relaxation is J 
independent and only one collision is necessary to thermalize all ro- 
tational levels. All these tightly coupled rotational levels compete 


strongly for lasing. As a result oscillation often switches from one 


line to the next, especially in a high power laser system. 


wh ney wg prey hat 


Tone oe oy { 


per ‘ wa ae y 3 


Baia, oS 


ss 


+ naked be too: ants 


B ssinn\ ice Alok: |. sin he paeoeth aths'aildin) Palle Sie kala a t 
y 20 it tse ie R aay fe EES OIE si 

r ry Wy oi Nu Is) t 

- ns) +. } ¢ ~~ | i Eo * 5 fy my , oe oe ’ 
age ABO 2s S12 SRS vi ese Chr es s 7 ae ¢ 


a. Tomatoes Bb Ofek hon sa wit aie 


ovel Sabet Derr SS bs I itabs 235 ig DBA, 


20 


1-5 Conventional Electric Discharge CO, Lasers 


Because of the various parameters discussed in previous sections, 
a mixture of CO,» N, and He is generally considered as standard in 


present day carbon dioxide lasers. The optimum laser gas mixture for the 


system under consideration has been found to be CO, : N, Sires UL eins 
7.3 : 36. Like other high power laser systems such as NASA's 70 kW 
(13) 


C.W. laser and) Hild" s 20 Eudacen ce the system does not needa large 
co, concentration for high power generation. However, even with such 


a relatively small CO, concentration preionization is required to achieve 


Z 
any significant discharge power loading. 

Most modern multikilowatt, electric discharge C.W. lasers can be 
classified into one of two categories, depending on the preionization 
technique utilized in their discharge volumes. These categories are 


i) self-sustained and ii) auxillary sustained. 


Self-sustained machines rely on an avalanching dc field to 
simultaneously provide both volume ionization and vibrational pumping. 
Such discharges usually operate in a negative resistance "normal glow" 
regime and hence require external ballast for current stabilization. 
The system often employs a multi-element cathode geometry in which a 
matrix array of individually ballasted pins is utilized for current 
limiting and distribution. In addition, each row of pins, incorporates 
a "row ballasting resistor" to permit attainment of uniform discharge 


power loading across the array. 


In the second group of high power C.W. systemsthe active volume plasma 


is produced independent of the main vibrational pumping energy source. 
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This type of structure has the advantage that ionization and pumping 
are performed separately and hence capable of more optimization and 
control. A typical example is the Electron Beam-sustained E.D.L., in 
which a C.W. electron gun provides ionization while input energy for 


vibrational excitation is supplied by an auxiliary, non-self-sustained 


(18) 


(14) 


dc discharge A somewhat similar situation exists in Pulser- 


sustained lasers except here ionization is derived from controlled 
Townsend cascade rather than by high energy electron beam impact. This 
latter difference could conceivably make pulser-sustained devices simpler, 
less expensive and more efficient to operate. However, apart from a few 


initial experiments, the literature has provided little information on 


the C.W. operational characteristics of this type of laser. 


A number of auxilliary ionization techniques, other than those 


discussed above, have been effectively employed. These include, 


Rirowuve A ae OA plasma Hae) and organic gas 


(24) 


additives 
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1-6 Employed P.I.E. (Photo-initiated, Impulse-enhanced, Electrically- 


excited) Technique 


The system under consideration here employs a double ionization 
method which combines ultra-violet (U.V.) preionization followed by 
impulse cascade enhancement. Uniform, stable and large volume laser 
plasmas Rune aeaei ce in the range of 10° Soe ven have been produced 
using this technique. 


The feasibility of this technique was reported initially by 


A.E. Eble 


In this technique: 

1. The laser gas mixture is partially ionized by a fast U.V. 
burst. A low electron density (%v UO tia is obtained. 

2. Immediately following this, a fast rising pulse (%v 30-50ns 

impulse) with an electric field well above the Townsend breakdown 

voltage (35 kV/cm-atmos.) is applied between the main electrodes to 
multiply the electron density to the desired value of (On ome 

3. A continuous electric field of insufficient E/P (3-6 kWcm-atmos.) 
to cause further ionization is also maintained across the active volume. 


This provides electron energy needed to vibrationally excite the laser 


gas mixture. 


4. The U.V. burst and impulse ionization is repeated to maintain 
the electron density fluctuation within 10-20%. 

5. The gas in the discharge volume is rapidly exchanged so as to 
suppress discharge instabilities due to local heating and contaminants. 


(75) 


A typical discharge instability time constant is about 1 millisecond ° 
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1-6-1 Ultra-violet Photo Ionization 


In the past, high energy electron beams have been very effectively 
utilized for auxilliary ionization of CO, laser mixtures. This method 
however, has several disadvantages as follows: 

1. A ultra high vacuum system is required. 

2. Delicate thin foil electron windows are required to 

isolate the high pressure laser volume from the high 
vacuum electron gun. 

3. The foil heating imposes additional problems for C.W. 

operation. 


4, It also requires a very high voltage source to accelerate 


the electrons. 


An ultra-violet source, however, can be easily constructed in large 
arrays giving rise to uniform illumination over extended volumes. The 
direct-utilization of U.V. photoionization in co, lasers was first 
reported by Seguin and Tate Initially two tungsten pins with 2 mm 
separation were used to generate ultra-violet light. Twenty (20) parallel 
sparks located behind the mesh screen anode increased the output energy 
in excess of twice that obtained from other TEA lasers. In order to 
enhance the photoionization efficiency Levine and CPt tends heavily doped 
the laser mixture with tri-n-propyl amine. A peak electron density of 
16*"/one was obtained. The laser output was slightly increased at the 
expense of efficiency. ance eae found experimentally that the effective 


photon mean free path for photoionization, is about 10 cm in the laser 


gas mixture. The U.V. penetrating depth ae (calculated in mm) is 
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expressed by: 


(1-9) 


Where oO; is the photoionization cross-section of i constituent of 


18 


the laser gas mixture and is in the order of 10. ena N, is the 


fo) 
laser gas mixture number density. Assuming that the operating pressure 


is ~ 50 torr, then me is only ~ 0.6 mm. 


Therefore, the long U.V. penetrating depth is attributed to a 
two-step photoionization process. For one-step photoionization of 


even the most easily ionized constituent CO, at 14.4 eV, ultra-violet 


2 
light of wavelength less than 900 A is required (25, 27, 28). One-step 
ionization of He and Ny is almost impossible because co, absorbs the 
photons of wavelength less than % 1700A except for a narrow window at 

A % 1200A, and the ionization wavelengths of both N, (<1050A) and 

He (<600A) are considerably below this. Therefore, it is concluded that 
if one of the laser gases is responsible for the ionization then a 

two or multi-step process must be the mechanism. 


Efficient photoionization at longer wavelengths can be achieved 


(28) In this the laser 


by using additives as proven by McKen's work 
mixtures are doped with low ionization potential additives such as 
tri-n-propyl-amine. It has three absorption bands at 1150-1230A, 
1600-17154 and 1715-2200A. Lind achieved long-pulse (> 20 us), high 
energy-density (> 50 J/2 atm.) laser output which is comparable to 
the best e-beam systems, by using a U.V. sustained co, laser system 


(44, 45, 47). He determined that single-step photoionization of the 


tri-n-propyl-amine by radiation with wavelengths between 1200 and 
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1700A was primarily responsible for the production of plasma density 
> Lo: poe 


However, it is also quite feasible that an impurity in the laser 
gas mixture with a low ionization threshold is the agent responsible 
for volume photoionization and that it follows the one-step mechanism. 
The industrial grade gases are known to have a relatively high 


(28) 


concentration of impurities, particularly hydrocarbons 
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1-6-2 Impulse Enhancement 


The efficiency of electron production by ultra-violet is limited 
by the fact that the source generates a wide frequency spectrum most 
of which iS unproductively absorbed by the laser gases, This disadvantage can 
be largely eliminated by employing impulse enhancement techniques. In 
this, the electrons generated by photoionization are accelerated toward 
the anode by a fast rising impulse electric field. These energetic 
electrons multiply the plasma density by promoting inelastic collisions 


between the electrons and neutral particles. 


In order to obtain a proper mathematical expression for <N,>, the 
‘ 3 , 
average electron density per cm , several electron generation and re- 
; , : Aue nee a2.) 
combination equations similar to those used by Hill have been 


developed. The equations for average electron density <N,>, and 


No <Noe> the ratio of initial electron density to average electron density, 


are erroneous in Reference 22. 


; ; 3 ‘ 
Let us assume that S electron-ion pairs/cm -sec is generated by a 


U.V. photon burst. The two body recombination rate equation is expressed 
by 


BN SH accra iN (1-10) 
3@ 


: : 3 : ; : 
where N, is the electron density per cm and a is the recombination 


coefficient. Rearranging terms and taking derivatives: 
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where C is a constant to be evaluated. 


The left hand side is integrated as follows: 
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electron density through the following rate process: 


PN, - a, N (1-14) 


Where P is the operating pressure, O is the reduced Townsend coefficient, 
and Va is the electron drift velocity (VG ny 10! cm/sec and a 0.9 ion 
pairs/sec in helium while E/P 215V/cm-torr). Solving Equation (1-14) 
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During the avalanche, the electron density N, (P,) at t-t (P,) is: 
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Not 2VqP 
NO) ero Es (1-20) 
1 aN (aN, a VGP) Exp (-a_v4P(t-t (P, )) 


The electron density falls from the maximum density by recombination 
as described by the following equation until the next U.V. burst comes. 


The electron density after a delay time t(d,) is expressed by: 


if 
NAS) " GN, @) - a, (-t, aan 
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During the second avalanching pulse, the time dependent electron density 
can be expressed by Equation (1-20) with the initial electron density 


and time parameter properly changed for the second pulse. 
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(1-22) 


The electron densities for succeeding recombination and avalanching 
periods can be adequately expressed by Equations 1-21 and 1-20 with 


proper initial conditions. 


As mentioned earlier, Hill's equations for average electron 
density <N,>, and the ratio of initial electron density to average 


electron Nat oie are erroneous. 


The average electron density over the time interval ty is obtained 


by integrating Equation (1-21) and dividing by tye 
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where Ne is the initial (equivalent to the maximum) electron density. 
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The ratio NN which shows the electron density fluctuation about 


the average electron density is: 
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This equation is very important for the P.I.E. laser operation. One 
can specify the required electron density <Nae and the density fluctuation, 
then the required repetition rate can be obtained by a graphical or a 


trial-and-error method. 
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CHAPTER 2 


EXPERIMENTAL SYSTEM - DESIGN AND OPERATION 


The schematic diagram the P.I.E. laser developed for this 
research is shown in Figure 2-1. This experimental system is a modified 
version of the system reported in References 34 and 35. The blower 
(centrifugal compressor), step-up driving mechanism and 5-h.p. de motor 
are being used without modification. The remaining components have 
been scaled up for high power operation. A general description of the 
system operation is given in the following section. Figure 2-2 shows 


the nomenclature of the system. 
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Laser Box 

Water Cooled Anode 

(0.6 cm dia. copper tube) 
Aqueous Solution Ballasted 
Cathode (0.3 cm dia. pins) 
Spark Plugs (12 each row) 
NaC Window 

Thermometer 

Viewing Port 

Blower Inlet Duct 
Assembly 

Vacuum Pump Connector 

Gas Supply Connector 
Blower 

Blower Outlet Duct 
Assembly 


Heat Exchanger 


14. 


15. 


16. 


lagi 


18. 
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Pitot Tube 

Flow Guide Assembly 
Capacitors (U.V.) 
High Speed Drive 


(Step-up Box) 


Intet Duct Assembly 


Figure 2-2 Nomenclature of the Laser System 
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The laser system is evacuated to a 50 um pressure by a 10 cfm 
Welch pump and is filled with the laser gas mixture to a proper pressure. 
The high speed blower circulates the laser gas mixture clockwise in the 
gas transport system. A set of spark plugs initiates U.V. photoionization 
and the following impulse multiplies the electron density of the dis- 
charge volume between the anode and the cathode. In the process of 
collecting the electrons and ions, the D.C. input energy vibrationally 
excites the upper laser level (00°1). Some of this electric energy 
contributes to heating of the gas mixture. This heat energy is 


removed by a heat exchanger in the gas transport system. 


A 5-pass optical resonator comprising four gold-coated mirrors 
amplifies the coherent light by stimulated emission of radiation. A> 
part of this light energy is extracted by the partially transmitting 


output mirror through an NaC& window. 


The detailed system's description is provided in the following four 
sections. The system is divided into four sub-systems for convenience. 
They are: 

1. Gas transport sub-system 

2. Electrical sub-system 

3. Optical sub-system 


4, Water ballasting sub-system 
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2-1 Gas Transport System 


The gas transport system is made of aluminum. It is comprised of 
a laser box, three duct assemblies, a heat exchanger, a turbo blower, 


a step-up driving unit and a dc. motor. 
2-1-1 Laser Box 


The rectangular prism shape laser box is designed to accommodate 
both cathode and anode electrodes, U.V. spark plugs, a 5-pass optical 
resonator, two viewing ports, a thermocouple and a flow guide assembly. 
Four vertical plates are welded together while top and bottom plates are 
held in place by wing nuts. Two long vertical plates have a rectangular 
aperture in the center to form part of the flow duct. The short side 


plates have a rectangular aperture for the optical system. 


The cathode is horizontally mounted to the bottom plate in such 
a manner that it can be moved vertically, and horizontally in the flow 
direction. This freedom of movement allows optimization of the discharge 
volume and optical gain medium volume. The top plate carries an anode, 
46 spark plugs and capacitors for U.V. production. A shielding box is 
strategically placed so as to enclose the spark plugs and capacitors and 
thereby shield the electric noise. The top plate, with its associate 
components can be lifted up with a hoist and this facilitates the change 
of electrode configuration. Two viewing ports, one in the back and the 
other in the front, allow for complete observation of all components 
inside the box. A thermocouple or the thermometer monitors the final 
discharge translational gas temperature through a hole provided in the 


top plate. It is sufficiently remote from the discharge in the downstream 
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of the gas flow. 


Mirror alignment is accomplished in the conventional manner 


with the use of a low power C.W. He-Ne laser. 
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2-1-2 Blower 


The centrifugal type blower is driven by a 5-hp D.C. motor through 
al: 10 step-up belt arrangement. The blower speed can be varied from 
zero to 18000 rpm. At a 50 torr system pressure this becomes trans- 
lated into a gas flow velocity of zero to 50 m/s respectively. The 
pulleys are mounted inside a rectangular step-up box which is located 
under the blower casing. The box is effectively pressure-isolated 
from the main gas transport system by a series of labyrinth seals around 
the blower shaft. The high speed drive box is differentially pumped 
so that the oil vapors in the box are prevented from contaminating the 
main system. While operating a portion of the laser gas mixture can 
be replaced by pumping on the pulley box while leaking a fresh gas 


mixture into the main system. 


2-1-3 Heat Exchanger and Duct Assemblies 


A conventional automobile radiator has been mounted after the 
blower in the gas stream. Although it is customary to locate the heat 
exchanger before the blower to provide better blower efficiency, 
geometrical difficulties did not allow this. Because the size of the 
heat exchanger was not optimized the size of the associated duct 
assemblies became unnecessarily larger. Under normal operating conditions 
5-gpm of tap water flowing through the heat exchanger provides adequate 


cooling. 


The blower inlet duct assembly connecting the laser box and the 
blower is designed to have a straight transition section, adjacent 
to the blower in order to minimize gas turbulence at the blower inlet. 


Vacuum connector and gas supply connectors are provided on this duct. 
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2-1-4 Anode Electrode 


Since the U.V. sources are located behind the anode, it was 
important that it should transmit U.V. as readily as possible. The 
first material that was considered and subsequently tested was screen. 
Initially the anode was constructed with #16-mesh stainless steel screen 
which was rigidly attached to a rectangular water-cooled frame. This 
anode worked well with a glow discharge until a small arc punctured the 


SCEeenl. 


Next a perforated 0.32-cm thick copper plate, with 0.64-cm 
diameter holesspaced 1.3-cm apart was used. A small arc here did 
virtually no damage to the surface. Although this anode structure 
performed well at lower powers, it proved to be unsuccessful under high 
power operation. The problem here was that at high current densities 
nonuniform heating of this perforated anode plate caused serious 
deformation. The resulting twisted electrode surface so formed promoted 
the onset of discharge instabilities. A satisfactory anode design was 


finally achieved by using a water cooled tubular structure. 


Figure 2-3 is a schematic diagram of the copper tube anode. Fifteen 
bars are equally spaced to form a 18-cm wide grate. The distance between 
the tubes and the o.d. of the tubes are both 0.6-cm. Thus 50% U.V. 
transmittivity is obtained. Each bar is bent 180° at both ends and 
connected to the 2.0-cm diameter water headers. One of the headers is 
connected to the 1.0-cm diameter water inlet and outlet tubes. This 
header is divided in the middle so that each tube will carry the same 


amount of cooling water. 
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Anode Electrode Configuration 


Gas Flow 


1E 


6.3 mm Copper Tubes 


Figure 2-3 Schematic Diagram of the Copper Tube Anode 
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The advantages of this anode are: 


1. Best cooling efficiency tested 
2. No severe arc damage 


3. Good U.V. transmission 


The tubular anode structure outlined above and shown in 
Figure. 2-3 has provided trouble-free performance since initial 
installation. The present running ae of over 400 hours thus far 
accumulated without failure or deterioration strongly suggests that 


the design is adequate for high power laser application. 
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2-1-5 Cathode Electrode 


The cathode electrode is by far the most important and difficult 
single part of the laser system. Experience has shown that cathode 
geometry as well as material can play a very important role in discharge 
stability. Uniform field electrode shapes, such as the Re senreietinn a and 
Bruce profiles have been effectively utilized in TEA lasers for 
several years. These electrode geometries however are best suited for 
pulsed laser application in which the interelectrode space is initially 
field and charge free. This is not the case in high power C.W. lasers 
where the interelectrode volume is dominated by a medium density plasma 
and gas-flow blows the discharge column downstream. In such instances 
the uniform field aspects of these profiled electrodes become less 
significant in comparison to other more important parameters such as, 
flow uniformity, stagnant boundary layers and gas residence time (the 
time defined as electrode width divided by flow velocity). Consequently, 


in most high power C.W. CO, lasers the actual cathode shape is relatively 


2 
unimportant other than some care is taken to eliminate sharp edges, 
especially on the downstream side. Sharp corners or other prominent 


surface irregularities on the trailing edge can promote discharge in- 


stabilities through field concentration. 


During the course of this work several cathode electrodes were 
tested. The design of these devices, which stressed many different 
geometries and materials, is outlined chronologically in the following 


sections. 
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2-1-6 Graphite Cathode 


Figure 2-4 is a schematic diagram of the first cathode electrode 
constructed. This device was fabricated from a single slab of graphite, 
machined to an approximate Rogowski be ailiewueon Graphite was initially 


chosen as the electrode material since it was known to be sputter and 


are resistant and as such had proved useful in pulsed TEA laser design. 


However, prolonged use of the graphite electrode resulted in the 
deposition of a thin layer of carbon dust on all surfaces within the 
gas transport system. This phenomenon was eventually traced to the 
operation of the high repetition rate ionization system. During pulser 
operation, the electrode surface was observed to be uniformly covered 
with countless sparkling particles. These are believed to be a 
manifestation of the graphite surface porosity in that individual pores 
acted as minute hollow cathodes. Energetic electrons gradually eroded 
the sides and edges of these small emitting orifices. Electrode cooling 
was accomplished by imbedding a metallic water channel into the under 


side of the graphite structure. 
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Figure 2-4 Rogowski Profiled Graphite Cathode Electrode 


Rogowski profile 


Figure 2-5 Schematic Diagram of Copper Pipe Cathode 
Electrode 
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2-1-7 Copper Cathode 


The second cathode structure tested is shown in Figure 2-5. Here 
also an approximate Rogowski shape was utilized. This device was 
fabricated from a piece of 8 cm o.d. copper pipe annealed at 400°C for 
over four hours and deformed in a controlled manner. A 2.5 cm thick 


steel bar was inserted to limit the pressing action. 


After both ends were fitted with profiled end plugs, the entire 
structure was then copper electro-plated to provide a uniform joint- 
free surface. Cooling water was circulated through the interior and 


thus gave the electrode a good power handling capability. 


Despite the fact that copper has a relatively high sputtering rate 
the cathode outlined above was found to perform in a satisfactory manner, 
especially at low pressure. This is in contrast to other previously 

(21) 


reported experiences . The copper structure also possessed a remarkable 


immunity to arc damage. 


Summarizing the advantages, 
1. Easy to make 

2. Good water cooling effect 
3. Close to Rogowski profile 


4, Durable against arcs 


Although 25 kW dc power input was achieved in 100 torr of He with this 
cathode, high power loading in the laser gas mixture could only be attained 


at low pressure. 
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2-1-8 General Comments on the Continuous Surface Cathodes 


With the cathode structures discussed earlier it was observed 
that significant discharge power loading at higher pressures, could 
only be attained on a short burst basis. More specifically, plasma 
instabilities became apparent after a few seconds of high powered 
operation when using the continuous surface cathodes originally 
developed. These instabilities were manifest in terms of a gradual 
coalescing, of an initially uniform laser plasma, towards the electrode 
centers; eventually terminating in a constricted arc. The precise 
cause of this phenomenon has to date not been determined but may well 
be the manifestation of non-uniform gas heating in a semi-stagnant 
boundary layer encompassing the cathode fall region at the electrode 
surface. Such non-uniformity could give rise to a self generative 


electro-thermal instability as discussed by Nighan et aioe 


Previous work on C.W. discharges has indicated that such gradual 
collapse of an extended high current dc discharge may be prevented if 
some means of current density limitation and distribution is incorporated 


(13, 34,48) | Previous 


into, or as part of, the cathode electrode surface 
and further experiments with multiple hollow cathode arrays and other 
current distribution networks have provided some design criteria for 


the incorporation of such an electrode structure into this P.I.E. laser 


system. 
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2-1-9 Multipin, Electrolytic Solution* Ballasted Cathode 


The operational concept in this type of electrode system is to 
provide a uniform current distribution and limitation over the entire 
electrode area by means of sub-dividing the overall surface into an 
extended array of independent sub-electrodes, each with its own current 
ballasting element. Conventional structures of this kind usually employed 
discrete resistors as the ballasting elements, and consequently 
experienced difficulties such as flash over, heating etc. The multi- 
element cathode structure developed for the system under consideration 
differs considerably from the conventional devices in that it utilizes 
an internal aqueous electrolytic solution to provide uniform current 


distribution without the need for external ballast. 


The basic electrode geometry is displayed in Figure 2-6. Here it 
can be seen that the device uses an extended array of sub-electrodes 
mounted such that their lower ends are submerged in a narrow channel 
containing a recirculating conducting fluid. The electrolytic solution 
thus simultaneously provides cooling and current distribution to each 
element of the cathode. Optimum performance is easily accomplished 
through adjustment of the electrolyte concentration. In this manner no 
other external ballasting is required and consequently power loss in 


the structure can be minimized. 


* In this thesis the term "Electrolytic Solution" generally represents 


tap water and electrolytic aqueous solution. 
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2-1-10 Comparison with Conventional Multi-element Electrodes 

The operational and constructual aspects of this electrolytic 
solution ballasted multipin electrode (here the subelectrode is a pin) 
can be compared with the conventional resistive ballasted multipin 


ee and Westinghouse: Both conventional 


electrodes utilized by NASA 
multipin electrodes were constructed on the same basis. Each pin was 
connected through a separate ballast resistor, 20 kQ for NASA's electrode 
and 50 k2 for Westinghouse's electrode. As the laser gas mixture passes 
from row to row (row is defined as a row of pins arranged in the optical 
axis) the discharge impedance decreases due to gas heating. In order to 
maintain constant power density under such circumstances, a separate 

row ballasting resistor is connected to each row. This adds more 


complexity to the electrode construction and introduces higher power 


loss through the ballasting resistors. 


However, the effective row ballasting in the electrolytic 
solution ballasted multipin electrode for this project is achieved by 
using differential gap spacing in the electrolytic solution. Typically, 
each pin in the upstream row is Vv 4 kQ and linearly increases to 
approximately 20 kQ for a pin in the downstream row. A simple calculation, 
for a typical cathode having 50 subelements per row, reveals that this 
differential gap row ballasting technique is about an order of magnitude 
more effective than the series row resistor approach. An additional 
advantage here is that a resistor cooling system is not required for 


this solution ballasted multipin structure. 


One unique and very important characteristic of the electrolytic 
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solution ballasted multipin electrode is a tendency for self-optimization. 


This aspect has been attributed to initial nonuniform pin corrosion 
by the electrolyte. Initially each pin experiences different discharge 
conditions due to nonuniformities in physical construction and assembly 
etc. Consequently, some pins initially carry more current than others. 
This increased current selectively accelerates pin corrosion; until such 
time that the individual gap spacings are adjusted so that each sub- 
element carries the same current. This inherent tendency for self- 
optimization has been well documented on a six row multielement cathode 
constructed with copper and brass pins. After approximately 100 hours 
of operation the total electrode current input at the instability limit 
was observed to have increased by a factor of three. The quantitative 
measurements of pincorrosion rates are presented in Section 3-2-7. 

Another unique characteristic of the solution ballasted electrode 
is the ability of suppressing an arc. Usually the pin involved in an 
arc actively generates abundant gas bubbles, due to increased current. 
The bubbles momentarily surround the pin in the solution and decrease the 


current density sufficiently to extinguish the arc. 
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2-2 Electrical System 


The electrical system is functionally subdivided into two parts. 
These are the pulser circuit and the sustainer circuit. The pulser 
circuit is again divided into two different units; (i) trigger unit and 


(ii) preionizer (thyratron) unit. 


2-2-1 Trigger Unit 


The purpose of the trigger unit is to repetitively deliver to the 
grid of the thyratron pulses of sufficient amplitude for switching. The 
trigger circuit is indicated schematically in Figure 2-7. As shown in 
the figure, a 6DQ6B vacuum tube is used as the final stage or driver. 
This tube is activated by pulses from a commercial pulse generator; the 


HP214. 


A common problem encountered in designing thyratron trigger circuits 
is that the grid potential is brought up to the anode voltage for a 
brief period of time when the thyratron is turned on. This occurs because 
the grid to anode capacitance is much greater than the grid to cathode 
capacitance. The resulting high voltage spike propagates back into the 
trigger circuits. It is of short duration and carries little energy, but 
may damage or cause instabilities in the trigger unit components. For 
this reason a rugged vacuum tube is used as the thyratron driver. In 


addition the spike is attenuated by a m type LC low pass filter. 
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Electrical Circuit Diagram for Trigger Amplifier 
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= 1802 hydrogen thyratron 
6DQO6B 


= Storage capacitor Cry 
= Thyratron filament ~ 6.3 V 
= Thyratron heater ~ 6.3 V 
= Anode dc supply ~ 1.6 kV 
dc screen supply ~ 1.2 kV 
Grid bias supply - 300 V 
= Filam supply 6.3 V 
= 1802 bias supply - 300 V 
= 1:1 pulse transfer 
21:21 turns on 3” diam 
3C8 ferrite toroid core 
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Schematic Diagram of Trigger Unit 
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2-2-2 High Voltage and High Repetition Rate Switch (HVHRR Switch) 


An efficient and reliable HVHRR Switch is needed for preionizer 
(pulser) circuit design. Usually a HVHRR Switch has an anode-cathode gap 
space filled with a fast deionizing gas and is triggered by triggering 
pulses. Then the gas is ionized and the anode-cathode gap space becomes 
short circuited. Reliable operation of such HVHRR Switches is usually 
limited by slow drifting positive ions which in many cases force the 


switch into continuous conduction. 


One way of removing the positive ions is blowing high pressure air 
through the discharge gap. This principle works well in theory but not 
in practice. Difficulties such as severe time jittering due to the 
changes in air pressure or velocity, and excessive sputtering due to the 
charged particle bombardment render the scheme impractical. In addition, 


the mechanical noise generated by such a switch may be objectionable. 


Another way of reducing the switch recovery time is to segment 
the spark gap by using a series of plates which act as heat sinks. This 
is called a "Quenching Gap". Because the spark gap is divided into so 
many short gaps, the charged particles travel a shorter distance, and 
accordingly the electrons leaving a cathode may not obtain sufficient 
energy to ionize the gas in its path to the respective anode. This means 
that in order to support the same switching current, the size of the 
discharge area must be larger than that of a single gap. This also 
means that the plasma density in a quenching gap is much lower than the 
plasma density in a single gap switch under the same operating conditions. 
The wae plasma density and effective cooling of sparks make the quench- 


ing gap recover much faster than the single gap. This feature has been 


7 
rey : 
¢ ' j 
a 
“y 
f i] 4 
io 
| 
at 
. [ 3 1, Be 
C EE OF 
t a 
: f aa } 
* | ca a) on 
\2p500 Bras <—ebeie wai 
h ea 
» A 
+ Cee 7, y 
sid, 24-asie S47 
ios x ie f 
7 @ 
7 é 
’ a j 
Shan eat l 
, nf 
’ 7 e 7 
' . ri 


in Uae 


a mn Meat 


Pa 
a 


mg gee way bps cet Suing Fath 


' a Pe cat 
CAs) ATSte. oat a: eg: Cin 


- eel | 
ee 
“ 


$4 sal ghia aa sana 
7 iN a 4 ‘a he 
ogie Stilt), ie ies tin ne 


Lp 
sneN ete a old eben 


( ane y : Ms ey A She 
) A Oni Lt ia i : : ws y AL Sm | An Tee 
ty : ; n ; : AX y : 2¢ at ; ; Mo en : 
; if o aii Gy : « oy a } v We ing ib ‘ ih 4 
Ph Ft ee ep 
" wy ay ‘ ; di m1) » it ‘ Ay in ee oa a y 
‘das 


eat ele Kea eeesh et 
} me ty Ys 


Md , vi : My Ht ¥ ; i if e 
; aA 
Yor as 2 i gfe ay Din redo? 


a 
ih ban a Yan 


‘ ake ary ' ial Oe Wee hos 
+ hie ey i teas git a baortko “aN 
} ‘ * 
rise 2s sisbitembett sient: a debe bok 8 
PR ee ie Wa eh ee: 
motos! A iwe Pentel el ey Aas ee 


YO2:) 50572 BY ae |: ee i 
eal : 


at Be hz oF Sih 4 RK nS Viney 
“ 4 


mahiie 


bs) soe bre Pai Rte ony iad 
ine 439 Ws 


ia 


is : t Ai o ye ‘- ‘ie at ij th ai a 
e co <e fas iF 

oregeres) ot noha: bla, git AN CRE Ses se 

>a Wait, WAL a -* we 


Kreis a ern 


: vee . Vy) qe. Hs ae is “Behe. 


- 


; ae : 

> 

abba hiak hs 8 
at ; ; 


ban tA bs: a : 


TM siisad” . 
‘, : ra alee “a 7 


hy . 1 


36 seas Bila oes, fia a ‘ 
. sca} 


aah oua 


' ia 


: ee 
Lh a ia A A 
| - ie Aya 


te as + 


32 


(30) 


well demonstrated by Frungel sand (V. Guty and!'E. Panarella of 


(31) 


the National Research Council of Canada. 


However, there are also several drawbacks with quenching gaps. 
Some of them are: (1) Construction is difficult, because each plate 
requires precision machining and each gap 
requires a vacuum tight seal for proper cooling 
and gas holding. 
(2) It is hard to trigger due to the increased 
capacitance. 
(3) Since each).gap. is short (~.0.1 mm), itcan be 
easily bridged. 
(4) The overall series resistance of the triggered 


unit is not negligible. 


The author's quenching gap was made of aluminum discs spaced 
O.1 mm by a pair of spacer rings and a 1.6 mm thick '0' ring. The 
quenching gap was cooled by transformer oil. Due to the triggering 
problem only 19 gaps were used to hold 7 kV. Unfortunately, after approx- 
imately twenty minutes of operation, the hold-off voltage dropped to 
approximately 4 kV. It was found that several bridged gaps were respon- 
sible for the lowering of the hold-off voltage. This may be a serious 
problem in practical use. The maximum frequency obtained was 34 kHz at 


3 kV and 40 A. 


The most effective way of removing positive ions from the gap is 
with a negative bias. This method is extensively employed for hydrogen 


thyratrons. The thyratron is one of the most efficient HVHRR switches 
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the author has ever tested. But even the thyratron is not perfect. 
Its performance is largely dependent upon the driving circuit and load 
characteristics. To facilitate recovery a negative pulse is superimposed 


(32) 


on the negative bias after triggering The preionizer circuit 
employing a hydrogen thyratron, HY1802, is described in the following 


section. 
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2-2-3 Preionizer Unit 


The preionizer unit provides and maintains an electron density of 
loa vien for a uniform D.C. discharge. Ultra-violet light from a number 
of spark plugs creates ion-electron pairs by volume preionization. A 
high voltage impulse following this U.V. burst then causes an electron 
avalanche which greatly multiplies the number of ion-electron pairs. 
These processes have been discussed in more detail in Sections 1-6-1 


and 1-6-2. 


Figure 2-8 is an electrical schematic diagram of the HVHRR pre- 
ionizer developed for this project. As can be seen, an 1802 ceramic 
hydrogen thyratron is used as the main switching element. The main 


(variable) capacitor, C is the pulse energy storage element, which is 


M? 


resonantly charged through the saturable inductor, Lo; and charging 
diode, D, via Lys When the hydrogen thyratron fires the energy stored in 


capacitor C,, is coupled to the cathode via the coupling capacitor C 


M AC” 


In addition, the 1802 thyratron functions as the discharge switch for 


Ehe U,V. Capacitor ¢ The auxiliary charging inductor, L exhibits 


Ss" M’ 


very low impedance, (< 120 ohm) for the charging cycle and very high 


impedance (> 20 k-ohm) for the discharging cycle. The average charging 


= 2 
current, I, is expressed sea eg 


(2-1) 
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where V is the network charging voltage, C, is the total capacitance 


t 


for pulse and U.V. source, and fe is the repetition rate. Twenty kV 


operation at 20 kHz with ~ 1200 pF yields an average current of 0.5 
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Circuit Diagram of Thyratron Pulser 


Pulser 


dc 
Supply 


vi ER 


eoccccccccces L—ttAnode 


Cu (EEE }—Cathode 
NN0 Sustainer 
= fe: Loc 
> Ly A.C. 
Ls = Saturable inductor ~ 1000 mh unsaturated > ~ 20 mH saturated 
D = Hold off diode ~ 30 kV P.I.V. 
1802 = Ceramic hydrogen thyratron 
Cy = Impulse storage capacitor ~ 700 > 1000 pF 
Cg = u.v. source capacitors ~ 20 pf (700 pF total) 
Ly = Bypass recharge inductor ~ 350 wH 
Cac = Impulse coupling capacitor ~ .luF 


Loc = Isolation inductor ~ 40H 


Figure 2-8 Schematic Diagram of Preionizer Unit 
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amperes. In this case the power loss through Ly is approximately 30 


watts. The U.V. source capacitors are charged to the operating voltage 


through the plasma around the Spark plug gaps. 
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2-2-4 Preionizer Component Design Consideration 

In general, the charging element can be a resistor (resistance- 
charging), an inductor (inductance charging) or a H.V. switch (triggered 
charging). Inductance charging however is known to be very efficient in 
energy transfer (> 90%, compared with 50% for resistance charging), and 
it provides better isolation between the power supply and the HVHRR 
switch. For these reasons, inductance charging was adapted for this 


project. 


In addition, inductance charging is especially suitable for high 
voltage operation because it is possible to make the network voltage, 
V(t), double the power supply voltage, E. This can be shown as follows: 
Assume that the network resistance, R=0 for simplicity and that V(0), 
the initial network voltage, is the same for each cycle. Let q be the 


charge transferred from the power supply to the network. Then: 


@ 


q B= > ({v(t)]* - [voy] (2-2) 

where C. is the total network capacitance. The charge q is expressed by: 
q = C,[V(t) - ¥(0)] (2-3) 

substituting Equation (2-3) into Equation (2-2) and rearranging: 


V(t) = 2E - V(0) (2-4) 


Equation (2-4) shows that if V(0)=0, V(t) is double the supply voltage E. 
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Depending whether V(0) is positive or negative, V(t) becomes less than 

2E or more than 2E respectively. V(0) becomes zero when the preionizer 

is operated at a frequency, fr, double that of the natural frequency, 
(29) 


f, . The charging system under this condition is called "resonant 


charging". 


The resonant charging state could be extended over a wide frequency 
range from 0 Vv 2 EA by using a charging diode, D, between the charging 
inductor L, and capacitors (Ci, and C.). The use of the charging diode 
prevents the fully charged capacitors from discharging back into the 
power supply. Thus the voltage across the capacitor remains at twice 
the supply voltage until the thyratron fires. This allows the pulser 


unit to operate at any frequency with an upper limit of twice the natural 


resonance frequency. 


The charging diode must be able to withstand the supply voltage, 
and handle sufficient current for proper charging. At the present time, 
no single diode is available that satisfies these requirements. Instead 
this charging diode is formed by eighty 60A diodes connected in series. 
A resistor, connected in parallel with each diode, ensures that the 
voltage is divided evenly amongst the different stages. In addition 
the diodes are protected from possible damage by transients resulting 
from the sudden switching of the thyratron. This is achieved by 
connecting a 0.1 uF capacitor in parallel with each diode. 


(32) 


A saturable inductor is used to ensure that the charging is 


initially sufficiently slow to allow the thyratron to recover. The 


charging inductor L, is composed of twelve toroid coils connected in 


) 


series to provide 1.2-henry of unsaturated inductance and v 34 milli- 
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henry of saturated inductance. Each coil consists of 150 turns of 
Belden 24Ga hook-up wire wound on to a Philip's 3C8 ferrite core. The 
saturation curve of this core is shown in Figure 2-9. The energy loss 
in the saturable inductor is so small that natural air circulation 
provides adequate cooling. 


The main pulse capacitor, C is composed of eleven cylindrical 


M? 
capacitor units which can be individually adjusted to obtain a total 
capacitance of 20 7 1100 pF. Each capacitor unit was made of a glass 
tube, closed at one end. The capacitor units are enclosed in a double 
box as shown in Figure 2-10. As illustrated in (b), the outer capacitor 
element is formed by a coating of "silver preparation", a conductive 
paint with good mechanical and electrical properties. The metal tube 


inner element freely slide in and out of the glass tube by means of a 


controlling rod which connects to the pulser power supply. 


Figure 2-11 shows the cross sectional view of a U.V. source 
capacitor bank driving a row of twelve spark plugs. An inner element 
common to the outer segments is a copper semi-tube (240° arc and 60 cm 
long). This fits tightly into a thick wall glass tube. The glass tube 
is nested in twelve 240° semi-tubular outer segments 3.8 cm in length. 
Each segment is connected to the respective spark plug. If the glass 
tube is rotated, the inner Banitenhe overlaps the outer segments. The 
minimum and maximum angular overlaps are 120° and 240° corresponding to 
20 pF and 30 pF capacitances respectively. To prevent a corona discharge, 


all capacitor elements are immersed in transformer oil. 


Champion spark plugs, J77, are being used for hard U.V. sources. 


A typical discharge volume of the system under consideration is ~ 4 liter 
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Figure 2-9 Saturation Curve for 3c8 Ferrite Core 
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(a). Main Capacitor (b) Capacitor Unit 


Figure 2-10 Sectional View of Pulse Energy Storage 
Capacitor 
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Figure 2-11 Sectional View of U.V. Source Capacitor Bank 
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(22) 


which requires v 0.1J of U.V. energy to generate %v 10° electrons/cm 
Assuming that the pulser is being operated at 15 kV, the required 


capacitance, C is calculated by 


S? 


900 (pF) (2-5) 


Where Eu is the U.V. energy and V is the network charging voltage. 
To obtain 900 pF at least three capacitor banks are required. The 


total capacitance of each bank is in Table 2-l. 


Table 2-1 


Pulse and U.V. Capacitances 


Description Min. Capacitance Max. Capacitance 
lst bank 240 pF 350) DE 
2nd bank 220) De 330 pF 
3rd bank 220--pE 330° DF 
4th bank 240° pF 360 pF 
pulser ZOOM pus LEZO) pir 


Note: Row number designated from the gas upstream. 


Usually the lst,,2nd and, 3rd_.capacitor: banks, are, used. for,Ui.V..,generation. 
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2-2-5 Operational Characteristics 


Although the use of a saturable inductor in high frequency 
applications is generally avoided because of a potentially nonconsistent 
mode of operation, good isolation and stable performance can be achieved 
with proper design. An example of this possible inconsistent recharging 
type of operation is demonstrated in Figure 2-12. The behaviour here 
can be explained as follows. When the recharge current is less than the 
core saturation current the inductor acts linearly. As the average 
current is raised the core starts to saturate and an unstable state may 
be reached in which the effective inductance decreases correspondingly. 
Under these conditions, the charging voltage will overshoot and the 
charging current will become negative before the switch is fired. 
Consequently, the next recharge cycle will experience linear charging 
conditions, with a corresponding increase in period. This longer re- 
charge time thus means that current is still flowing through the inductor 
in a forward direction when the thyratron next fires. The result of this 
condition is the generation of a pulse train with alternate high and low 


amplitudes. 


Fortunately however, there is an easy and simple solution to the 
above problem. The solution merely involves first decreasing slightly 
the pulse repetition rate, upon encountering the alternate high and low 
mode described above, and then increasing the operating voltage. In 
so doing, a stable and constant amplitude operating region can be main- 


tained at any desired repetition rate. 


The occurrence of alternate saturation depends largely upon the 
inductor core material, the values of inductance and capacitance, the 


load characteristics, the operating voltage and repetition rate. 
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20 ps/em, 2 kV/cm 


20 kHz Operation 


12 Waveform of Alternate Saturation of Saturable 


Figure 2- 
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Saturation was not usually encountered with pulse repetition rates less 


than 10 kHz and operating voltages above 10 kV. 


The thyratron grid is negatively biased to assist in rapid recovery, 
which is necessary for operation at high voltage and repetition rates. 
The energy stored in the 160 millihenry isolation inductor in the trigger 
unit causes a negative swing on the triggering signal. This negative swing 


is beneficial in that it further promotes the recovery of the thyratron. 


A negative anode voltage caused by a voltage reversal or overshoot 
during operation has been generally found to play an important role in 
the maximum system operating frequency. Such an anode voltage reversal 
is a function of the load impedance into which the pulser must operate. 
For the case considered here, the load impedance is the laser plasma 
itself. Experiment has shown that the plasma impedance presented by this 
test laser structure with a typical gas mixture operating at 50 torr is 
in the range of 50 ~ 100 ohms. This relatively low value produced a 
negative impedance mismatch (the load impedance is less than pulser circuit 
impedance) and resulted in a negative overshoot of the anode potential 
immediately after the pulse. This anode voltage reversal, which had a 
duration of approximately 12 usec., was found to be particularly beneficial 
to pulser performance as it effectively permitted a longer inter-pulse 


recovery time. 


Figure 2-13 is a typical anode voltage waveform obtained with the 
1802 hydrogen thyratron. A 6 kV anode voltage reversal for a 20 kV 


operating potential is clearly shown in this photograph. 
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Resonant Recharge Anode Waveform 


Anode Voltage - 5 kV/div 


Sweep Speed - 5 usec/div 


Figure 2-13 Waveform of a Typical Anode Voltage of 
HY 1602 
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Because the performance of the preionizer (pulser) largely depends 
upon the duration of the anode voltage reversal, the factors that affect 
this duration should be discussed further. Although there are many 
factors involved only significant ones are considered here. Since the 
inverse anode voltage is caused by a load mismatch, variations in laser 
gas mixture and pressure should be reflected in pulser waveform changes. 

In general, it was observed that low plasma impedances produced the largest 
anode voltage reversal. Since the recharge cycle starts at the peak of the 
inverse anode voltage the duration of the anode voltage reversal was 


directly proportional to the magnitude of the negative overshoot. 


The size of energy storing capacitors also (pulse and U.V. source) 
impose very important effects on duration rather than overshoot amplitude. 
It is not difficult to understand that the larger the discharged 
capacitance the longer is the reversal duration. A similar effect is 
observed with the charging inductor. If the unsaturated inductance is 
larger, the initial charging current is smaller resulting in a longer 
period of anode voltage reversal. The above characteristics were well 
observed by a test made with three charging inductances. Unsaturated 
charging inductances of 700, 800 and 1200 mH yielded 9, 11 and 18 usec 
respectively when the pulser was operated with 8 torr CO, and N, mixtures. 
The magnitude of the negative overshoot remained the same at -5 kV for the 
three cases. This strongly indicates that the magnitude of the negative 
overshoot is mainly decided by the pulse discharge circuit. The anode 
voltage reversal period is rather sensitive to variations in the operating 
frequency. Usually, the negative duration for 20kHz operation was longer 
than that for the lower frequency operation. This can be attributed to 


the anode voltage ripples (v 14kHz), which resulted from the reversal 


wa? : : , n° ne ma Se nh 


* eiapgen Viepin. "hse. 0 “hela ea 
4..$¥4s diate wih ont ate  caeegotane ‘ rae sik, ei ots Sean 
ris Stk atedd wae llee aaa won ae — 

aig, subi? .orsd Bevshtenes same nin snake hast 

Jkt ad: ebebikt-ieu'isaaniela a ae latina at seni Sala 

io Tava Yo lag’ ar Gevoniey aif ty gsiense | brn 

ays! ada bar “° 20443 bs wate whit iti ie til aaa de 
baja ahi dant ait i, 5a 83) Lacy seston, ath mies Paget a 
cow Isaievey wanrlor shore pda de naar us. a i 
oomketenn olla peben See De bude, Site" sid. “Tene saouss 

Linh eigdia ree eve sri, a 

‘Bbhutidacs soofdass ve: wee oath habbo sathgine tenstaeqett irr 
napredocth Siri wee AM ‘agent cs dA | on 

nade atte vA Skt Carey a ad A . 

vote: beg Osea ait Met 


fa an) TY, pitt 3 Lad BE | Evga | ‘ee 


[lew stow avitebtsasieaiio Ave 


u wi les setae shone io b 
fetshiesernl | egore es ondkan Sk nals ey shoe abe: usa & yet 
ye | Bt tine J a! byte _ iar dist Rei one oor ae edaetanbed | phil 


Shrgdtin HM hese agg és T9729 anes Ba ron foq en and iol saqawN 


a — 


a 


wis ok Yl 2 oh even eats ieee t soiree eissgem std Aa aoe aa . 
ovitneen tls. 34° ahorgin yes as “igi or eliorae abnt ha pad 289 | 
shou ST) . Shays Penrerey son | ano ie } podria lai oh a es favo. 
AL IGIs4b. aks nti anohy jatyny. af eal Pit clei ad fiaieg Siezwvir. . : 
had: ‘hee duits cortege sia OC ad eats esse orld eehfewal -euigiell, ~ 


ae a5 tt 


71 


leakage current of the charging diode. Rising and falling of the anode 
voltage means that the current flowing through the charging diode and 
inductor is in the forward and reverse directions, respectively. If the 
thyratron is fired while the current is in the forward direction, 
saturation of the charging inductor is encouraged and this reduces the 
negative interval of anode voltage. On the other hand, saturation is 
delayed if the thyratron is fired when the current is in the reverse 
direction. Consequently, the negative duration increases. It was found 
in the experiment that 20kHz operation usually yielded the longest 
reversal period. This is because the thyratron fires when the reverse 


current is high. 
Summarizing general characteristics: 


iP) The magnitude of the negative overshoot of the anode 
voltage is independent of the charging inductance, 
however it is heavily dependent on the load impedance. 

2) The charging rate is slower with larger inductance. 

The charging rate may be increased with higher voltage. 

3) The positive overshoot (ripple) increases with increasing 
inductance. The period of ripple becomes also longer with 
larger inductance. 

4) Larger storage capacitance extends the duration of anode 


voltage reversal. 
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2-2-6 The Pulser Performance 


Figure 2-14 shows a typical linear relationship between the 


network (anode) voltage, V and the maximum pulser current, i ax which 


can be expressed ooo 
oF 1/2 
ie ee 25°) 


where Ce is the total pulser energy storage capacitance and L is 

the pulser discharge circuit inductance. Since the thyratron handles 

high voltage and current, it is immersed in transformer oil for cooling. 
By employing the circuit design and construction techniques outlined in 
the previous sections it was possible to build a very reliable high 
powered pulser capable of delivering 20 kV , 10 megawatt pulses at a 

20 kHz continuous rate. With this device, it was also possible to "trade- 
off" operating specifications against each other such that stable per- 
formance could be obtained at 50 kHz but at a reduced impulse voltage and 
peak power level of 12 kV and 4 megawatts respectively. Under these 


operational conditions, the power dissipation factor, P,_ (which is a 


b 
product of anode voltage V, maximum current i ax? and pulse repetition 
rate ey) was more than three times larger (191 x 10”) than the rating 
(SO 0x 10”) of the HY 1802 thyratron . To date the pulser has been 


successfully operated for more than 300 hours continuously producing more 


than Ge 5 megawatt pulses. 
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Figure 2-14 HY 1802 Thyratron Anode Voltage vs. Current 
Characteristic 
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2-2-7 Sustainer Power Supply 


The dc component of the laser excitation was provided by a 
50 kVA power supply capable of a maximum current of 50A. A 220V - three 
phase input was controlled by ganged variacs. The output was filtered 


DyYqanol/ocUFox.> KV capacitor and a 360 Hz resonant filter. 


A series inductance of more than v 40 henry isolated the dc 
power supply from the pulser output. This inductance was obtained by 
using the secondary winding of a 50 kVA transformer. A111 of the connect- 
ing wires were high voltage coaxial cables with outer conductor grounded. 
This was required to prevent the wires from acting as radiating antennas 


when the pulser was operated. 


De current was measured by the voltage drop across a 0.5 ohm 
resistor connected in series with the positive ground side of the power 
supply. The discharge voltage and the current were both recorded on 


an X-Y plotter. 
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2-3 Optical System 


In the early stage of CO, laser development, when output power was 


Zz 
of the order of a few watts, a simple Fabry-Perot interferometer was 

used successfully as a laser resonator. Because the power levels were 
low inside and outside of the resonator, dielectric mirrors with or with- 
out coatings were extensively utilized. However, as laser technology has 
increased the C.W. laser output from a few watts to tens of kilowatts 

the resonators have been changed accordingly. Multipass stable or 


unstable resonators are now widely used in high power laser systems. 


The stability condition of a laser resonator is expressed Beaeas: 


0<(1->)(1-S)<1 (2-7) 
1 2 


The above equation shows that it is possible to change the stability of 


a resonator by varying the radii of mirror curvatures, R, and Rosh and 


i: 


the mirror separation, 2. Plotting of Equation (2-7) yields a useful 


stability diagram, For further information on this stability diagram, 


rerer, tO, References 04. and 55. 
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2-3-1 Optical Power Extraction 


The relatively low value of small signal gain coefficient (a5) 
exhibited by this P.I.E. device together with a short discharge length of 
only 50 cm made it impossible to achieve efficient optical energy 
extraction with a simple resonator system. Some insight into this 
particular problem can be obtained through utilization of a computer 
modeling Seca by Denes et si letee: Their results, embodied in 
Figure 2-15, provide numerical data on the maximum energy extraction 
possible in a given laser system, as a function of the gain-length 


product (a,L) and mirror losses. The optimum mirror coupling required 


to achieve this maximum energy extraction is summarized in Figure 2-16. 


Energy Extraction Efficiency as defined in these curves, is the 
amount of optical energy or power that may be coupled out of the active 
medium, compared to the amount theoretically available for extraction. 

Thus both excitation efficiency and quantum efficiency must be included 

in any calculations to obtain meaningful projections on the expected 
optical power output from a given laser device. By applying these curves 
to this test laser, having a discharge length of 50 cm and an incremental 


gain of about 0.3%/cm., a.L becomes near 0.15 for a single pass resonator. 


0 
Thus with a mirror loss of approximately 2%, (1% per surface is a reason- 
able figure for gold plated BeCu), only about 50% of the available 
energy may be extracted from the active volume; and this only provided 


a low loss output coupler having near 6% coupling can be achieved. This 


aspect is illustrated in the lines labelled A in Figures 2-15 and 2-16. 
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2-3-2 Laser Resonator Employed 


It is evident from the above curves that devices with small gain- 
length product are particularly susceptible to poor optics. For this 
reason a folded path optical system was constructed for optical power 
extraction experiments. A 5 pass system was selected as the best overall 
compromise, since with a gain-length product of approximately .75 and an 
overall mirror loss of about 10%, 50% extraction should still be achievable; 
but now with a more realistic 18% output coupling. This is shown in 
lines labelled B of Figures 2-15 and 2-16. Adding more folded paths 
does not improve the efficiency since mirror losses go up in proportion. 
Moreover, each additional reflective surface introduces more phase mis-— 
matching of the cavity mode, which is manifest as further diffraction loss. 
Phase matching or compensation can be achieved through special mirror 


surface profiling but was not considered for the test system described here. 


Because of the above considerations, the 5 pass folded optical 
resonator shown schematically in Figure 2-17, was adapted to the discharge 
section, to permit optical power output studies. Although the resonator 
was very lossy and yielded a poor energy extraction efficiency of only a 
few percent, it nevertheless allowed meaningful studies to be performed. 
The optical volume covered the entire discharge volume (typically 12.7 cm 
x 55.9 cm x 6.3 cm) and the extra gain-volume on the downstream side of 
the discharge. The three mirrors (M » M,; and M,) were beryllium copper 
(3% Be + 97% Cu) substrates coated with gold. The output mirror, M, had 
the same construction with an array of output power coupling holes. All 
mirrors were cooled with tap water. Each of the mirrors has a reflecting 


surface with dimensions 12.7 by 6.4 cm. The intermediate folding 
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5 Pass Folded Path Laser Resonator 


Gas Flow 


Gain Medium = 


12.5 cms 


Mode Volume Discharge Volume 


Coating 


Radius | Substrate 


Mirror 


Beryllium Gold 
Copper 

M> Beryllium Gold 
Copper 

M3 Beryllium Gold 
Copper 

Ma Beryllium Gold 
Copper 


Figure 2-17 5 Pass Folded Path Optical Resonator 
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mirrors, M, » and M, » are flat while the output, M, , and rear, M,, mirrors 
are concave with radii of curvature of 30 m and 20.4 m respectively. 

The spacing between these mirrors is 5.5 m with 2.8 m of gain pass. Thus, 
the cavity constitutes a stable resonator with the multimode dimension 

of 6.4 by 6.4 em. The beam is folded twice on each intermediate folding 
mirror to cover the whole discharge volume and the gain volume stretching 


6.4 cm on the downstream side. 
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2-3-3 Equivalent Sequence of Lenses 


In order to provide a better understanding of the optical resonator 
used for this project, the equivalent sequence of lens system is shown 


in Figure 2-18. 


Repeat 
cm 


Figure 2-18 Equivalent Sequence of Lenses 


In this system the folding mirrors,M, and Ms are represented by 6.4 cm 
square apertures. The rear mirror M,, is represented by a 6.4 cm square 
converging lens with focal length of 10.2 m while the output mirror M, 


is replaced by a 6.4 cm square converging lens with focal length of 15m 


and with a built-in absorbing plate. The absorption of energy is equiva- 
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lent to the laser energy extracted through the output mirror per pass. 


2, and Q, are the mirror spacings of 99 cm and 95 cm respectively. 
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2-3-4 Simple Technique to Change the Transmittivity of 


the Output Mirror 


It was found “tel nie to change the transmittivity of a multihole 
output mirror by enlarging the size of holes without noticeable de- 
gradation of the mirror surface. The procedure involved first protecting 
the vulnerable gold coating by a 0.1 mm layer of acrylic spray paint. 
Then the holes were enlarged by drilling from the polished side. This 
step was repeated with the drill size increased in small increments up 
to the desired hole size. Afterwards the acrylic protecting layer was 


removed by gentle washing in ethyl acetate (CHCOOC,H,). 
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2-3-5 Window 


Except for special cases, an output window is required that is 
capable of isolating the low pressure laser chamber from the atmosphere. 
The window should have a good transmittance at the laser frequency. 
Useful IR window materials for the CO, laser are listed in Table 2-2 
for rererenten ts 

Table 2-2 
IR Window Materials 


(Longwave Limit-60% trans. 1 cm-thick) 


Alkali halides Other Materials 
(affected by water) (unaffected by water) 
Material Microns Material Microns 
NaF TOSS Harshaw T-12 £On0 
BaF, UBS trerany il 1055 
Nac 16.0 mrtran LV 15,0 
KC 20.0 Silver Chloride 14.5 
KBr 25.0 
CsBr 35.0 


The window used for this project consists of a NaC% disc, 14 cm 
in diameter and 1.3 cm thick. The window is tilted slightly away from 
the plane perpendicular to the laser axis so as to prevent the beam 


reflected at the window surface from initiating a laser oscillation. 


The limitations of output mirror and window materials are a 


serious problem in very high power (tens of kilowatts) laser development. 
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Fortunately, a solution appears to be at hand. Avco's "aerodynamic 


(46) 


window" concept has proved very successful In this technique the 
laser beam was brought to focus at a chamber wall by a third mirror and 
then transmitted through a set of small holes in the wall. This aero- 
dynamic window was designed to balance the pressure differential between 


the low pressure lasing chamber and the outside atmosphere, and thereby 


prevents any air from entering the chamber. 


Another feature of the optical system developed for this project 
is a beam focusing lens. An 11.4 cm diameter and 0.5 cm thick plano- 
convex NaC lens is placed at one end of a perspex beam transport tube 
to focus the laser beam for metal processing experiments. A terminating 
funnel was also designed to supply a cover gas to the target. It also 
helped to keep the beam path free of refuse and vapors liberated by the 


target. 
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CHAPTER III 
EXPERIMENTAL RESULTS AND DISCUSSION 


This chapter presents and discusses a variety of observations 


of the performance of the developed laser. 


In the development of the laser system three different types of 
electrode configurations have been involved. The same copper tube 
anode geometry has been used throughout the experiments, consequently 
only the cathode structure determined these different configurations. 
These configurations were as follows: 

1) First configuration Solid copper cathode 

2) Second configuration Electrolytic solution ballasted 

cathode with 276 pins 

3) Third configuration Electrolytic solution tallasted 


cathode with 512 pins 


In this thesis the terminology "Electrolytic Solution" is used 
to denote tap water as well as electrolytic aqueous solutions. However , 


differentiation will be made when the necessity arises. 


The first few sections of this chapter present data on the discharge 
parameters obtained with the first configuration at lowa(< 20°torr) 
pressures. The second configuration was used to determine the discharge 
characteristics over a wider pressure range and for optimizing the 
optical output power. The results appear in the middle part of this 
chapter. The third configuration was used for parametric studies to 


determine stability conditions and operational lifetimes. 


In the P.1.E. laser operation, three different modes of operation 
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are realized. 

1) Preionizer sustained mode; this mode occurs at low sustainer 
(dc ) voltage and high preionization electron density. The dc 
discharge is sustained with the aid of preionization, such that the 
discharge terminates when preionization is removed. 

2) The self-sustained mode; here the de discharge is sustained 
by a glow discharge process so that the system can be operated without 
preionization. 

3) The preionizer maintained mode; in eeimede the preionizing 
electrons control the uniformity of the discharge so that the initiation 
of instability is suppressed. The open circuit dc voltage is higher 
than the self-sustained glow discharge voltage so that the removal of 
preionization initiates an arc. This phenomenon is attributed to the very 


poor regulation of the sustainer dc power supply, 


These three modes of operation will be discussed in more detail 


in Section 3-4-1. 
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3-1 Laser Operation with Solid Cathode; lst Electrode Configuration 
3-1-1 Performance of Solid Electrodes in Low Pressures 


The influence of a cathode in a_ gas discharge prompted an in- 
vestigation on the cathode materials suitable for P.I.E. lasers. Three 
different cathode materials have been tested. A graphite cathode was 
tested and quickly rejected at an early stage of the experiments due 
to surface disintegration and resulting system contamination. This 


aspect was described in Section 2-1-6. 


The use of an aluminum cathode resulted in a glow discharge 
distributed uniformly across the electrode surface. However, prolonged 
operation developed a dark oxide film with localized spots. The non- 
uniformtiy of this oxide film created a corresponding discharge non- 
uniformity, eventually developing into an arc. Theselocalized arc points, 
of high current density, were observed to puncture the resistive 
aluminum oxide film and cause pitting of the aluminum cathode surface. 
These pits or damage points then became initiation centers for subsequent 
discharge instabilities and thereby greatly deterioriated cathode per- 
formance. For these reasons it was considered undesirable to utilize 
aluminum as the cathode material in a high power CW laser system. No 


useful data were taken using either the graphite or aluminum cathode. 


Most of the low pressure data was obtained using the copper pressed 
cathode. The copper surface was hardly discolored even with prolonged 
operation. This may be because the high cooling efficiency prevented 
the surface from getting sufficiently hot for an oxidation reaction. 
Alternately, the high sputtering rate of copper (ten times higher than 


that of aluminum) may have resulted in cleaning of the surface. The 
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former explanation appears more likely since a trace of dark oxide 


film appeared when the water flow rate was decreased. 


The following visual observations were made with a glow discharge 
at low pressure (< 20 torr). Without U.V. initiation, the glow on the 
cathode became irregular as illustrated in Figure 3-l(a). As U.V. was 
turned on, intense glow stripes matching the U.V. source pattern appeared 
on the cathode surface as shown by Figure 3-1(b). This effect was 
most pronounced with a small ( < 1A) sustainer current. As the sustainer 
current was increased the stripes became less distinct and were 


indistinguishable under a higher sustainer current of a few amperes. 


Only four parts of the glow discharge could be observed; negative 
glow, Fraday dark space, positive column and anode glow. With U.V. 
and/or pulse preionization the dark space becomes less distinct. This 
occurs because the pulse generates energetic electrons which reduce 
the extent of the electron decelerating region in the dark space. With 
a separate test arrangement, it was found that as the voltage was in- 
creased the dark space was gradually replaced by the positive column. 
It was also observed that the negative glow extended to the anode in 
low pressure (< 1 torr) discharges. This observation is consistent 


with the findings of References (35, 92). 


Another peculiar phenomenon- often observed in the discharge was 
development of anode spots. A trace of foreign contaminants produced 
numerous anode spots of various sizes. When the sustainer current was 
increased, several spots expanded while the rest of them gradually 
disappeared. In a manner similar to the cathode spots, some of the 


expanding anode spots grew until they initiated an instability. The 
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(a) 


(b) 


Figure 3-l Photos of Low Pressure Discharges, C,, ~ 360 pf, pulser 7KV at 10KC 


D.C. Current 1A, CO,: He=10:10 (torr) 


2 


a) Pulse Preionization Only 


b) U.V. Initiated, Pulse Ionized 
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contaminants which produced this phenomenon were: water vapor, silicon 


sealant vapor and tri-n-propyl-amine. 


3-1-2 Comparison of the Preionization Efficiency Under Different 


Conditions 


In this section the system was operated in the preionizer sustained 
mode where the de discharge was completely controlled by the preionizer. 
The dc discharge voltage was set at a value lower than that of a 
self-sustained glow discharge. The preionizing input power was varied 
by changing the pulser frequency from 1 kHz to 10 kHz while the pulser 
voltage was kept constant at 13 kV. The resulting dc current was 
plotted on an X-Y plotter for various preionization conditions. These 
measurements were repeated for different gas mixtures at different 


pressures. 


The results for three pressures, 5, 10 and 20 torr, were summarized 
in Figures 3-2, 3-3 and 3-4 respectively. These figures commonly show 
that under the same E/N the discharges in He produced the largest ac 
current. The slope of each curve represents the relative effectiveness 
of the preionization by different sources. The most effective pre- 


ionization is achieved by the pulse. 


It is interesting to see that co, which has the lowest ionization 
potential among the laser gas constituents produced the smallest dc 
current under the same preionization condition. This fact is realistically 
illustrated in Figure 3-5 which shows the results of input-power-test 
for two extreme laser gas constituents, co, and He. It seems that co, 
controls the discharge behavior of the laser gas mixture. Thus, as 


shown in this figure, a 25 kW input at 100 torr in He dropped to 8 kW when 
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DC Current — Arbitrary Units 
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Figure 3-2 Relative Plasma Generation at 5 torr 
Pulser - 13kV at 1V10kHz, de - 300V, 


E/N-2.6x1071L6yv-cm2 
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Figure 3-3 Relative Plasma Generation at 10 torr 
Pulser -13kV at -10kHz, dec - 350V, 
E/N - 1.5x10716 y-cm2 


94 


1.5 


oe 


DC Current —Arbitrary Units 


2) 


0-5 


p pulse 
1.0 uv Ultra-violet 

Sy 

Q 
S LZ 
VY R> 
Qe 
+ UY 
Nz e 
N2 P 
0 0.3 0.6 0.9 aoe 


Preionizing Power Input — kW 


Figure 3-4 Relative Plasma Generation at 20 torr 
Pulser = PokVvat lV 10kHz, dc -93/5V, 
E/N—8.2x10717 v-cm? 
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ieorcorr, OL CO, was added. Because this phenomenon is very important 


in laser operation, a further discussion is presented below. 


Table 3-1 presents the plasma parameters which contribute to the 
electron density or total de current. The first and second Townsend 


coefficients of He are at least three times larger than that of CO On 


9° 
the other hand, the plasma decay rate of CO, is much faster than that 


N, and He, data 


of He. In order to compare the plasma decay rates of CO,» a 


were obtained from three different figures of Reference 28 and presented 
in Figure 3-6R. Because of small Townsend coefficients and large re- 
combination coefficient as shown in the table and figure, the plasma 
density in cO., is smaller than in He when the preionization conditions 


and E/N are the same. 


Table 3-1 


Ionization and Recombination Coefficients 


Townsend Coefficient Recombination Drift 
Gas (Ref. (91)) Coefficient Velocity 
press. voltage fo) B press. coeff. press. vel. 
6 
“corr 350 Dene U0 49 torr G9 Ort) Orc 
CO A 
‘ 700 9.28 0 eles 
(28) (90) 
4 torr 350 ITS U0 
No oe 6 
700 i206 0.049 5 1.6x10 5 3x10 
(28) (90) 
lose Hey mh & 305 ame NS 0.0436 
ae -8 6 
Viz 10.8 0.36 6.1 u10 Gul: 5x10 
(28) (90) 
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3-1-3 V-I Characteristics in Low Pressure P.I.E. Laser 


In order to understand the V-I characteristics of the P.I.E. 
laser properly a knowledge of V-I characteristics of low pressure discharges 
without preionization is an asset. For convenience the latter has been 


excerpted from Reference 92 and presented in Figure 3-7R. 


In this figure the Random burst pulses result from the free 
electrons produced by natural causes such as cosmic ray ionization. 
However, if enough free electrons are present in the gap as a consequence 
of external volume ionization, a steady current may be observed without 
onset of the pulses. Under a constant free electron density, the current 
increases as the voltage increases until it reaches a plateau known as 
the Saturation current. Here all available free electrons in the gas 
are collected. Increasing the voltage beyond a certain point, the 
current starts to increase again. This increase is exponential and this 
region is called the Townsend discharge. Further increase of the voltage 
leads to an over-exponential increase in the current followed by the 
collapse of the voltage across the gap. This abrupt transistion is known 
as Breakdown. It is characterized by an increase in the current of 
several orders of magnitude with almost no increase of voltage. Here 
the current becomes independent of the external ionizing source and is 
thus self-sustained. If the current is allowed to increase further, the 
voltage across the discharge begins to drop until it reaches a low level, 
known as Subnormal and Normal glow regions. The normal glow is character- 
ized by a constant current density at the cathode and a constant voltage 
across the discharge. More specifically, the area occupied by the 
cathode glow increases proportionally with the current. The normal 


glow region terminates when the whole cathode flat surface is covered by 


ek ee a ea 


7, Ant vs. 


ae 


is MI ots Sh api 2 BF ee 
7 i. re oh 

nred end sedrgl ads vceaiidpanl i Nica a8 re ito. 
MEo0 poral nt bossa. fae se conte 


: ming 


90°) ‘ost ofnabea aa Cig dese” wobont ods aust 
huh wey GlwEes Be ore no ese latoren 1@ B 
ntvpanees aie Ge atid web, Spee yee nowsigale, seth anion 9B 
igotgio bawnkedo 46 wan Hie weit ry wink sentanh, tine | 


JOTIS B42 yr idensl WOLD eele (eee? Gee Ss robot: “sepeg, 8 


. 
i? 


eGinsiosih atitmeeie wel 70, 


ES 
- 
‘eS 


b4 


— a Be 


is 


? / 
Wt - 
bu -(NOnS peatalc 2 wdehosat. J) Zine sibvasanet oanitow ‘as ae 


68 9712 at asoit.sle Bas? SIME eevee Lie eee EES | 


oi? .Watos cies tees core puenioy edt prbaceroat 933 
cia bom Lab iarsgen 2 sages anu «Ot ege awa tnt 9 sng tal 
Syatfoy sit lovsegetanl seca > temeien th babeawar wits Bop Seo: y a. 
SH2 yn Sowollal Jip asus eee sawoviah Let sisaenranteve a nis 03" 

its ont @: rol seats inva ae ‘a > i sande maatioy ais 30's . 
Z ac Agassi ont ‘ct maimogoek, i it oat Hod omnis. wt. at) pci 
Sion, ages iloyv if 543 eet ad ar eee i 

eh Oi Sovade wil eine eons: wie * eb: 2 

aid , ayer) Wace zoe! oF tant ge sassrs ‘ads a 
tavek wot & 5 'naliewe: + ws Cony * atta seins ea: ano: 
~ 1923 ¥ibtD al a6ly Lbievo:: aii) 


aig yd oe pete aty #3 
Sr si ast phaly 
a cui a} mea dans 2 


> 


| 


‘ ey . Mae 
‘ed n - Dp ae 7 ii ; 


100 


A. Random burst pules F. Subnormal glow 
B. Saturation current G. Normal glow 
C. Townsend discharge H. Abnormal glow 
D. Self-sustained current J. AF 

E. Corona 


Discharge tube -- 2-cm dia. and 50-cm long 


Figure 3-7R Typical Characteristics for Self Sustained 
Low Pressure Discharge (Ref. 92) 
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the cathode glow. If the current is forced to increase further the 
cathode glow establishes itself on any additional surface available, 
such as the metal leads or backside of the cathode. The discharge in 
this operating mode is known as the Abnormal glow and is characterized 
by an increase in both voltage and current. The termination of the 
abnormal glow is followed by another transition known as the arc. In 
the arc discharge the cathode glow constricts into a small and bright 
arc spot which carries about two orders of magnitude higher current than 


the glow feoncaes ae 


This knowledge of the selfsustained glow discharge is utilized 
to explain the V-I characteristics of the P.I.E. laser. The V-I 
characteristic curves are shown in Figure 3-8 as a function of the pre- 
ionizing power. The preionizing power was changed by varying the pulse 
repetition rate at a constant charging voltage. The curve for a self- 
sustained glow discharge was obtained by measuring the voltage and the 
current without preionization. The dotted line represents the Townsend- 
to-glow transition. The saturation current was so small that meaningful 
measurements could not be made due to the equipment limitation. The 
breakdown voltage of about 850 V resulted in nearly 3A sustainer current 
after breakdown. As the sustainer voltage was lowered the sustainer 
current decreased to about 1.2A, at which point the glow disappeared. 
By definition, this curve shows only the normal glow (1.2 ~ 2.5A) and 
abnormal glow (2.5 7 14A) regions. When the gas is preionized by 1 kHz- 
10 kV pulses, the curve is modified considerably. The saturation current 
is increased by many orders of magnitude to about 15 mA. The resulting 
current of density of 0.025 aaa is comparable to that of the subnormal 
glow region of Figure 3-7R. Consequently, the Townsend-to-glow transition 


does not show on the curve. As the voltage increases from the point of 
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glow onset, 'g' in Figure 3-8, the curve shows the extended normal glow 
and the abnormal glow regions. As the preionizing power is increased 

by increasing the pulser frequency, the saturation current also increases 
as expected. The regional boundaries became less distinct with more 
preionizing power input. This is well illustrated by the curve for 

15 KHz operation which hardly shows the normal glow region. This 
phenomenon is characterized by the fact that most of the flat portion 

of the cathode is covered by thin glow upon onset of the glow. Further 
increase in the current from this point starts the abnormal glow discharge 
as shown. It should be noticed that the voltage for the glow onset 
becomes less significant as the preionizing power is increased. This 
signifies that the pulse discharge itself produces quasi-continuous 
cathode glow and the sustainer voltage intensifies the glow as well as 
expands the glow to the additional surface. This is an abnormal glow 


process in which the current increases with voltage. 
3-1-4 The Gas Impedance of the Low Pressure P.I.E. Laser 


The gas impedance of the laser plasma obtained from the V-I 
characteristics (Figure 3-8) is plotted in Figure 3-9 as a function of 
discharge current. The overall behavior of these curves reveals that 
preionization heavily controls the discharge characteristics at low 
sustainer current, and the effect of preioniazation gradually diminishes 
with increasing current. This signifies that as the current increases, 
some of the electrons must be generated by the sustainer discharge. 

Since these sustainer generated electrons are also subjected to 
pulse multiplication, the preionization still controls the discharge. The 
degree of preionization can be represented by the slope of an Impedance- 


Current curve and the departure of this curve from the self-sustained curve. 
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Figure 3-9 Total Gas Impedance vs. Total Current 
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3-1-5 Gain Measurements 


Except for the preliminary pulsed and "burst mode" data of 


(23) (22) 


Reilly and Hill , the literature has provided little or no 


information on the gain characteristics of "pulser sustained" co, lasers. 
This section therefore presents the results of gain measurements at lower 
pressure. The results of gain measurements for the second and third 


electrode configurations are given in Sections 3-3-3, and 3-4-2, 


respectively. 


The gain was measured with the experimental setup shown in Figure 
3-10. A low power CO, laser of less than 1.5 W was operated in the TEM 
fundamental mode. The spot size was 3 mm. This low power C.W. probe 
laser normally operated on the P(20) transition. The probe beam was 
directed by a two-mirror scanner and passed through the amplifying laser 
medium. The beam was detected with a thermopile and a Coherent Radiation 
power meter, both of which were placed in a shielding box. 

Due to the electric noise generated by the pulser, measurements of 
parameters became quite difficult. As a solution to this problem, the 
shielding box was grounded to the common ground and the power meter was 


operated by a battery pack located in the meter casing. This arrangement 


reduced the noise level to less than a few percent of signal. 


Error in gain measurements introduced by a possible probe laser 
level drift was eliminated by measuring the probe laser level before and 
after each reading. The averaged value of these two measurements was 


used in calculating the gain. 


Figure 3-11 shows the single pass small signal gain coefficient 
measured at two different pressures and as a function of the input power 


density. The curve for the lower pressure discharge indicates a higher 
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Figure 3-10 Equipment Layout for the Gain Measurements 
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Figure 3-11 Gain Coefficient vs. Input Power Density 
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gain parameter than that obtained with the same input power density at 
higher pressure. This result generally agrees with the findings of 


References 35, 48 . 


The figure also illustrates the tendency of earlier gain saturation 
at lower pressure. Since laser output is proportional to the product 
of small signal gain and saturation coefficients, the data of Figure 3-11 
explains why the low pressure discharge yields higher gain yet produces 


lower laser output power. 
3-1-6 Absorption of the Laser Energy by a Pulse Excited CO, Plasma 


The phenomenon that a co, plasma is cooled after absorption of a 
10.6 um laser pulse has been reported by Wood et oe 
The heating and cooling effects in cO., glow discharges perturbed by a 
10.61m laser pulse have been reported by Aoki et Se Gower et Ay 
have investigated laser induced current perturbations and used the 
results to obtain measurements of the V-T rates for the co, lower (10°0) 


and upper (00°1) laser levels in various CO, 10.6 um amplifying and 


absorbing C.W. plasma. 


A Sok@uhat similar phenomenon was observed here in the pulse-ionized 
CO, plasma. A. C.W. 10.6 um probe laser beam was absorbed or amplified 
through the quasi-C.W. CO, plasma depending upon the operating pressure. 
Under no flow conditions this absorption usually occurred when the 
pressure was higher than v 4.0 torr. At lower pressures (< 4.0 torr) the 
CO, plasma amplified the probe beam. The degree of amplification or 


absorption depended upon the pulser input power. Figure 3-12 shows the 


single pass absorption as a function of the pulser input power. 
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Figure 3-12 Total Laser Absorption vs. Pulse Power 
No flow and no UV input 
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When the CO. gas was circulated at low speed, the absorption dropped 


to almost zero. The same result was achieved in static co, by establishing 
a low current dec discharge in addition to the pulse discharge. The laser 


gas constituent, He or N, plasma did not absorb the probe beam. The 


plasma was reduced to zero when He or N, was added. 


absorption by the CO D 


Z 
These observations suggest that this absorption is primarily due to gas 


heating and the efficient excitation of the lower laser levels (10°0, 


02°0) by the pulsed discharge. 
3-1-7 Output Power at Low Pressure 


In this section the preionizing input power variation is directly 
related to the optical output power change. The preionizing input power 
was varied by changing the pulser repetition rate at a10 kV fixed voltage. 
To obtain the V-I characteristic curve shown in Figure 3-13, the laser 
gas mixture was preionized with the pulses at 5 kHz and the sustainer 
voltage was increased gradually. At point 'a' the sustainer open 
circuit voltage was kept constant while the pulser repetition rate was 
varied gradually from 5 kHz to 1 kHz, from 1 kHz to 10 kHz and then from 
10 ke back’ to 5 kHz. This was repeated atypoints 'b','c' and 'd’.’ The 
result was plotted on an X-Y plotter. As shown in Figure 3-13 each V-I 
locus appeared as a straight line with an average slope of -0.047 A/V. 


At low pulser frequency the discharge voltage was higher and the current 


was lower than that a high frequency. This observation was not unexpected. 


The optical resonator, described in Section 2-3-2, was utilized 
for optical power extraction. The extracted beam from a 6.6% opening, 
hole-coupled mirror was partially focussed and detected by a Coherent 


Radiation Model 203 power meter. The detected signal and the sustainer 
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Figure 3-13 Variation of V-I Characteristic with 
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voltage, V, were used to plot the V-P (power) characteristic curve on 
the second X-Y plotter. Thus obtained and presented curve, shown in 
Figure 3-14, can be directly related to the corresponding V-I curve in 
Figure 3-13. The optical output power increased with increasing 

pulser input power at low dc currents, but the opposite resulted at 
high de currents. A satisfactory and detailed explanation for this 
phenomenon is presently unavailable. However, it may perhaps be a 
combined manifestation of an effective deactivation of the upper laser 
level (00°1) by ae electrons, a decrease in E/N and gas heating by the 


pulser. 


(35) 


Maximum output power was achieved using a 2-pass optical resonator . 
This resonator consisted of a square plane mirror, a spherical folding 
mirror with a radius of curvature of 20.4 m, and a flat circular Ge output 
mirror with 6% transmission. The maximum input and output powers recorded 
aiaee) COL (CO, :N, :He = 2:2:20.8) were 15 kW and 120 W respectively. 
Taking the optical volume efficiency of 13% (the ratio of the volume of 
the plasma occupied by the resonator to the total discharge volume), the 


power extraction efficiency was about 10.5%. This value is comparable to 


the result of Reference 35 
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3-2 General Characteristics of Electrolytic Solution Ballasting 


The solid cathode configuration initially used in the laser system 
provided satisfactory performance at low pressure (< 20 torr). However, 
as the operating pressure of the laser gas mixture was increased, several 


problems developed. 


At higher pressure (> 20 torr) the preionizing pulse discharge 
tended to constrict easily. Accordingly the sustainer discharge operated 
in a critically stable state such that even a small perturbation resulted 
in an arc. Since there was no current limiting element in the sustainer 
circuit a stable glow discharge condition could never be restored. 
Furthermore, the sustainer and pulse discharges were so closely coupled 
that an arc in the discharge was followed by continuous conduction of 
the pulser switch (thyratron). Hence, an electrolytic solution ballasted 
multipin cathode was designed in an attempt to achieve an even discharge 


distribution. 


The concept of electrode pin ballasting with electrolytic solution 
has not been widely adopted in laser technology mainly because of such 
complications as excessive pin corrosion in the water, and the necessity 
for water tight seals, However, for this project, most of these problems 
have been solved and an electrolytic solution ballasted electrode design 


has been developed that appears suitable for industrial application. 


In order to provide design information for solution ballasted 
electrodes, the following several sections are devoted to evaluation of 


material performance in the solution as well as the gas discharge. 


3-2-1 Tap Water as a Ballasting Fluid 


The most economical ballasting fluid is tap water. In this section 
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the use of tap water as a ballasting fluid and coolant for the laser 
cathode was investigated. As shown in Table 3-2 the City of Edmonton 

tap water is a dilute aqueous solution of various chemicals. At a low 
current density the cations and the anions from the chemicals in tap 
water carry the current. As the voltage across the water gap spacing 
increases (in this project, < 160 - 180 V) to raise the operating current, 
the water dissociates into H of and OH . 


3 


2H,0-—-H,0" + OH (3-1) 

Now the hydroxyl ions are attracted toward the anode and react with water 
molecules producing neutral oxygen gas molecules. It should be noted 
that in the water ballasted pin cathode, the pins act as anodes in the 
water. If the pin material is reactive in the oxygen environment, the 
pins will be oxidized and corrosion will occur. When materials such as 
brass, copper and copper alloys were used as anode materials, a greenish 
blue oxide film appeared on the anode tips, decreasing the current. This 
film continuously grew thicker and from time to time a part of the film 


was carried away by the flowing water. 


With a similar process, hydrogen gas evolutes in the vicinity of 
the cathode. The cathode also collected a jelly type compound which was 
presumed to be a collection of Mg, Na, Ca etc. These film deposits on 
the anode and cathode gradually decreased the current density when the 
operating voltage was kept constant. In addition, the gases generated by 
the electrolysis action were trapped around the electrodes (pins and buss 
bar) and decreased the electrode surface area (Ay), in contact with 


the water. This in turn decreased the current. The current in the water, 
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Table 3-2 


THE CITY OF EDMONTON 


ANALYSIS OF TREATED TAP WATER 


Summer Months Winter Months 
May to Sept. Oct.. to April 
Inclusive Inclusive 
Calcium Bicarbonate 38) pip.ms 36)p.p.m 
Ca Hy CO, 
Calcium Sulphate 20 p.p.m. L2t Disp sms 
Ga SO4 
Magnesium Sulphate 230 pspems 33 prp<m. 
M 
g SO, 
Magnesium Bicarbonate OD spiel. 2D ell « 
MgH,, CO, 
Sodium Sulphate L/ Noa pam ATE oe ees tips 
Na, SO, 
Sodium Chloride S50 ep eik. 5¥ Dp pelts 
NaC 2 
Organic Matter 9) p.'p-m. 130 p. p.m. 
P27. p.m. L468 0p. p.m: 
Calcuim 20 SbOup sp. ls 18209" p. p.m. 
Catt 
Magnesium 4, SOP pe putts 7.07 prpems 
Mgtt 
Sodium 1249 5D. Pie Ds T7708) Pspems 
Na* 
Total Hardness 7120 ops 77.09 pepe: 


pH Value 9.1 pep. ms 9.1 p.p.m. 
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I,» is expressed by Ohm's Mayon: 


w R dy W 


(352) 


where Ey is the terminal voltage between the electrodes (Volt) Ey is 
the decomposition (electrochemical) potential of the electrolytic 


solution (Volt), R is the total resistance (ohm) which is expressed 


by R= ae > 0 18 the conductivity of the water,’ dis the mean water 
Ww 

gap spacing, and V, is the effective potential in volts (=E,-E,)- 

Equation (3-2) indicates that the current can be controlled by the 

water contacting surface area. This fact takes on a very important 


role in suppressing arcs and will be discussed further later in this 


chapter. 


The water temperature gradient, existing between upstream and downstream 
of the water flow,results in a lower ballasting resistance for the pins 
on the water downstream, Consequently the downstream pins easily initiate 


an instability. This problem can be solved by increasing the water flow. 
3-2-2 Temperature Dependence of Water Resistance 


In order to investigate the relationship between the water temp- 
erature and its resistance, tests have been made using the setup shown 
in Figure 3-15. In the device the water gap spacing, d,, can be adjusted, 
and the water temperature is varied by changing the hot and cold water 
mixing ratio. 

The test results are plotted in Figure 3-16 for stainless pins. 


The water resistance increases linearly with increasing gap spacing and 


decreases with increasing water temperature. The latter is attributed 
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Figure 3-15 Water Discharge Test Device 


to the fact that the dissolved salts dissociate more easily at higher 


temperature, increasing the density of charge carriers. 


3-2-3 The Discharge Characteristics of Various Pin Materials 


in the Gas Discharge 


The materials chosen for this experiment are those which can be 
easily,and economically obtained. The five different materials that 
have been tested are copper, brazing brass, aluminum, tungsten, and 304- 


stainless steel rods 3.2 mm in diameter. To evaluate the pin materials 
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Figure 3-16 Resistance Change with Water Temperature 


40 


Lag 


“ 
_  aeeapgnet wom Aah ar os bh a ne: ae Dar ' 
ne y Wy ., | "* | os | 7 oe »% J ee . 


120 


under actual laser operating conditions, the pins were installed in the 
electrode described in Section 2-1-9 of Chapter 2. Three pins of each 
material were arranged in such a way that each material could be tested 


simultaneously. 


The glow discharge characteristics and the sputtering rate ofthe 
pins were of primary concern in the gas discharge. Since the glow 
discharge is directly related to the work function of the materials, 

a brief review of work function is made in the following. For 

e e 7 (42) 
quick reference, the work function data from the literature , has. 
been reproduced in Table 3-3. The work function of a metal represents 
the minimum amount of energy that must be given to the fastest moving 


electron at the absolute zero of temperature in order for this electron 


to be able to escape from the metal. 


Table 3-3 Work Functions 


Material Al Cu Fe Sn Zn W 
Thermionic, 6 - 430 a Al - - 4.46 
Photoelectric, ¢ 3.57 4.3 4.5 4.38 oe 4.66 


The thermionic work function, ne is expressed by: 


bk 
: (Volt) (823) 


: 


where b is the constant of the emitting surface, k is the Boltzmann's 
fe) 


constant, and e is the electron charge. 


The photoelectric work function, ¢ is expressed by: 
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= y (Volt) (3-4) 


Where ve is the threshold frequency, h is the Planck's constant, and 
be is the threshold wavelength in Angstroms. The photoelectric work 


function is more important for a cold cathode discharge. 


At low pressure, aluminum, with the smallest work function, started 
to glow at the lowest sustainer voltage. As the voltage was increased, 
the glow which appeared on each pin was almost the same, regardless of 
the pin material. The tungsten pins which have the largest work function 


were an exception however. They did not exhibit any observable glow. 


The characteristics of the glow at higher pressure, (80 torr) 
(co, : N, > He - 10 : 10 : 60) proved to be somewhat dependent on the 
pin material. Copper and brass pins supported glows which were similar 
in appearance. A weak glow covered the tip of the pins and extended 
downward on the downstream side of each pin. When observed along the 
optical axis, the glow appeared in the shape of an inverted right triangle. 
Aluminum pins yielded the most intense glow which however covered the 
smallest area on the downstream side of the tip. The glow on stainless 
steel entirely covered the tip of the pins. The glow was thicker than 


that on the other pins. Tungsten pins did not produce any glow at 


higher pressure, as was also the case in the lower pressure region. 


After an hour of operation, the system was opened for examination. 
The copper and brass surfaces were clean due to sputtering action. Ring 
shaped deposits around the pins on the ceramic insulating plate indicated 


that copper pins were more susceptible to sputtering than brass. The 
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relative sputtering rates reproduced in Table 3-4 are consistent with 


the above observations. 


Table 3-4 Relative Sputtering Rate in sai 
Al W Fe Sn Cu zn 
8 18 19 se) 84 95 


However , because of concentrated glow activity on the aluminum 
pin the sputtering was also localized. Consequently, except for the 
glow spot the pin was covered with a very hard and black film deposit. 
An insulating characteristic of this film deposit prevented a glow from 
appearing through the film even at low pressure. The stainless steel 
pin was covered with a thin, dark brown film which, however, did not 
impede a glow discharge. Since tungsten pins produced no glow activity, 


the surface was unaffected. 


Consequently, aluminum andtungsten were disqualified as high power 
laser cathode materials. This evaluation was made on the basis of 


performance in the gas discharge. 
3-2-4 The Performance of Various Pin Materials in Tap Water 


The previous section already disqualified tungsten and aluminum 
as cathode materials. However, the performance in water of these 
materials was still of interest. Therefore, they were included in 
the evaluation. Every material tested suffered corrosion in a tap water 
discharge, but to a different degree. Copper pins were affected most, 
and marginally more than the brass pins. Both copper and brass pins 


were covered with a reddish powder which was easily removed by the flowing 


water. 
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The part of the aluminum pin that had been in tap water was covered 
with a very hard, dark-grey, and porous deposit. The deposit was non- 
conductive and could not easily be removed by abrasion. Consequently, 
the current path must have been through pores. The tungsten pin was not 
noticeably corroded but was covered with a greenish-yellow deposit which 
was assumed to be a by-product liberated from the copper and brass pins. 
There was no deposit or oxide film on the surface of the stainless steel 
pin. Instead the surface was polished by an electrolytic polishing 
action. At a high current density, about 100 mA/pin or up, the polishing 


action was so pronounced that the surface appeared mirror-like. 


On the basis of the above and the previous section, only stainless 
steel was considered as a suitable material for use in a water ballasted 
cathode. The quantitative and comparative performance tests in various 
solutions, reported in the following section, revealed that stainless 
steel pins behave well both in water and aqueous solutions as well as in 


the gas discharge. 


The analysis of the compositions of the 304 stainless steel is 


provided in Table 3-5 for reference. 


Table 3-5 Composition of 304 Stainless Steel 


G 0.08% Si Ih eae Cu 754 
Mn 2.0 Cr 2030 Mo O.5 
P 0.045 Ni LOS Fe 65.iL5 
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3-2-5 The Use of Electrolytic Aqueous Solutions for Ballasting 


Despite the satisfactory performance of tap water for ballasting 
and cooling, the possibility of using other solutions was studied. 
Utilization of a proper solution protects the pins from corrosion and 
results in convenient control of the resistivity by varying the concen- 
tration of the solution. Distilled water has been used throughout the 
test as the solvent and several solutes have been tested. The test 


structure was the same as described in Figure 3-15. 


The first solute chosen was cupric sulfate (CuSO, ) which has been used 
successfully for making liquid resistors. The passage of the D.C. current 
through the solution resulted in the generation of excessive gases. 

These gases were trapped in numerous bubbles and the bubbles accumulated 
continuously. Gas production was accelerated when copper, brass or any 

copper alloy was used as electrodes. Similar results were obtained with 
a solution of cleaning ammonia (ammonium-hydroxide). An additional 


disadvantage of ammonia was an objectionable odor. 


A test with an aqueous solution of Preston antifreeze, known to 
be a corrosion inhibitor and good electrical conductor, showed a unique 
behavior. A black film deposited on the anode pin surface and grew so 
thick that eventually arcs developed in the water gap. This indicated 
that the discharge took place by puncturing through the film deposit. 


An aqueous solution of potassium carbonate crystal (K,CO,15H1,,0 


- simply referred to as, potassium carbonate, in this thesis), has been 
tested with great success. It does not generate too much gas, the 
bubbles do not accumulate, and there is no objectionable odor. Moreover 


it provides the stainless steel pins with a thin, brown passive film 


moviiko 6) 6¢d49 40 4¢4Neaq OMT ,ofodetwes Bhopks ee 2 


bietikastiw. \ni we ae ain att eaiiag oars 
bin attorney met) pathy ay eee neakinrt ned 
HANGS MT BOL ERS a) rive bekwes oka ho snxtaoy. tee twee ROD | 
Jumtpvadt. Posy + Kees, jel ee Latrisatt ane Loe wa. 

Sneed subZ ee ae iat BHR macho Layavee) hen Guvine oda 


che wpa ab bediceseh ge seunio x!’s MP I ii 
4q a / —- ' 
fest tad dytdur ¢ yORaay viritiqva sims saw wees yao tek § 


ao 
(23308 @vinesaxe to umltereapy. oad ch Selig enidulos 089 
be tmionpa ts reldcud ald bor onl ideas gua eerie rr Lwvaqex2 Sx wi ion " 
(is c¢ Gen ang¢e.. ned. fayepe dnote May Hak sowbes4 Ria) ot 
» fear -aboxasiatie 8 haes sow XY 
feotiloeas oy (abEnows ere nancies gutnmsto, 34) ym a 
. rahe >idnamt até iy eninge 20, | 


7 guént  .ssservtiors aotces49 Yo aitouken avenue mh na 


pio 9 Rawate ,I0joNbqeS Laotiteads be nae ae 
oo Wag os soetswe alg shone a3 ne beateound wid s sbets As 
bathokhal et? .qag asd afd ot peaiteteile a278 cttnconain dat 4 

7 


at 


Temgeh mht? ets dgucnstt gutswsoumih ee hieaik ioe ogradsehh ¢ 


ae 
a 


\ 
vetlagoon iptavte stonodtan wylemsong to. webrrloe seo 


a 
need col  (ebpeds etilt oi, ,etaredunn mobwnadog = si nencabecial J mn 


T 


si anh Mihow Ona asevensy. soe peek sf -aneosue ansag dtaiw bea sae%, 


04 ~ abe aldagot sant do. on of oro Sion \eteSumuoon tod ob 
oer _ 


a ot 
3 svionag seirige wile] <o_ ea At RCT bal By % cH bs 


ae i ey La 
: F ~ 7 7 Th woe. - =e " (. a al is 
i ; i“ : : a oh ' an ‘ At n 
a a Pie ar Y a ia ns _ TP 


AT mh 
a 


« 
: 


125 


which slows down the corrosion rate under normal operating conditions. 
Potassium carbonate can be handled safely with minimum care. As will be 
shown in the following section, the concentration of potassium carbonate 
in the solution is so small that it can be used in laser systems with 


little hazard. Potassium dichromate (KC 0_) was also tested for its 
2 


ability as a corrosion inhibiter. However, dark brown spots developed 
on the stainless steel pins instead of a uniform protective film. So 


further use of potassium dichromate was not made. 


Since the potassium carbonate solution and the stainless steel 
pins complemented each other well, a further analysis was made to 


evaluate their performance in the laser system. 


3-2-6 Stainless Steel Pin Performance in Potassium Carbonate 


1 ; 
(K,CO,15H,9) Solution 


Further studies of the performance of stainless steel pin electrodes 
in potassium carbonate solutions were undertaken to quantitatively 
determine the corrosion rate so as to provide data for predicting the 
operating lifetime of the pins. To evaluate the absolute and relative 
corrosion rate of stainless steel, several materials listed in Table 3-6 


were tested at the same time. 


One pin of each of the materials was placed in a solution 1.3 
centimeters away from a common stainless steel cathode. The solution 
consisted of 2 cc potassium carbonate dissolved in 3000 cc distilled 
water. The ends of pins not in the solution were connected together and 
joined to an adjustable 0-300 V de power supply. Because the corrosion 
rate depends more on the current than on voltage, the total current was 


kept at 3 amperes. To maintain this current,the voltage had to be decreased 
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in the course of the experiment to counteract the decrease in impedance 
due to a temperature increase in the solution. The fraction of the 
total current passing through a particular pin varied during the experiment 
because of the different degree of surface passivation (surface becomes 
inactive because of the deposit). The experimental results, tabulated 
in Table 3-6, and plotted in Figure 3-17, show that the relative weight 
loss rate (weight loss/current) of stainless steel is about an order of 
magnitude smaller than that of other materials. Nickel (welding rod) 
and monel pins corroded somewhat faster even though they developed 
relatively thick films. These two materials developed numerous pits in 
the passive film, which may have accelerated the corrosion rate. The 
tungsten pins carried a much lower current due to its high work function 


which resulted in an effective resistance of ‘2kQ at 75V. 


The weight loss rate of brass was reduced by an excessive 
passivation of the surface, as shown in Figure 3-18. The excessive 
passivation that reduces the operating current is not a desirable feature 
in cathode pin performance, as it will upset the ballasting resistance, 
eventually causing degradation of the gas discharge. Copper developed 
the thickest passive film. This film however came off easily. The 
estimated film resistance was about 200 ohms. The film that developed 
on the brass pin was thin but very tough and very resistive, about 


800 ohms. 


Figure 3-19 shows the V-I characteristics for the tungsten and the 
stainless steel pins. It is interesting to find that at 50 mA discharge 
current the tungsten pin yielded a 2.4k2 effective resistance while that 
of the stainless steel pins was only 3602. This is perhaps the main 


reason why the tungsten pins did not support a glow discharge when used 
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Figure 3-19 V-I Characteristic in Potassium Carbonate 
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in the acutal electrode described in Section 3-2-1. 


These tests quantitatively confirmed that stainless steel pins in 


a potassium carbonate solution were the best choice for the laser cathode. 
3-2-7 Estimation of Pin Lifetime 


A further evaluation was made to estimate the working lifetime of 
a stainless steel pin cathode. It is assumed that a 3.2 mm diameter 
pin with flat ends is to be used. The pin length will not be affected 


until the edge rounds off as shown in Figure 3-20. 


Figure 3-20 Edge Round-off 
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This is because the sharp edge produces an enhanced electric field and 
consequently the corrosion rate is greater at this edge. Eventually the 


edge rounds off. 


Figure 3-21 shows the relationship between the weight loss (mg) 
and the operating time (hr.) at a current density of 120 mA/pin. This 
value is approximately three times larger than the maximum current density 
under normal operation of the laser system under consideration. According 
to the experimental results obtained with the electrode described in 
Section 2-1-19, the electrode can be operated until the pin becomes 
shortened by © 6 mm. The working lifetime of a pin, calculated on the 
basis of the above information and Figure 3-21, is approximately 1100 
hours. This lifetime can be extended by using larger pins and/or lowering 


the current density per pin. 


Figure 3-22 is a plot of the relationship between the operating 
time and the reduction in the pin length, measured at a current density 
of 120 mA/pin. There is no loss in the pin length for up to 33 hours 


of operation as a result of the rounding off process. 


3-2-8 Concentration of Potassium Carbonate and Resistances 


of the Solution 


Studies were made to provide design criteria for solution ballasted 
electrodes by using the test device illustrated in Figure 3-15. It was 
arranged so that approximately 6 mm of both the cathode and anode were 
jnmersed in the solution... The resultine) resistance can be directly 


related to the water gap spacing. 


Various concentrations of the solution were tested for resistivity 


changes with 6.4 mm gap spacing and the results are illustrated in Figures 
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3-23 and 3-24. These results reveal a number of features. For a fixed 
gap spacing the resistance is inversely proportional to the concentration 
of potassium carbonate. However, this inverse proportionality deviates 


at very low and high concentrations of potassium carbonate. 


Also, for low concentration the resistance decreases somewhat over 
a wide range of increasing voltage. This effect may be partially caused 
by various impurities having different dissociation and ionization potentials. 
Such impurities could play an important role in the current carrying 
activity. The effect of impurities would be expected to be more pronoun- 
ced at low concentrations of potassium carbonate where the ratio of 
impurity to potassium carbonate is high. A common impurity found in 
distilled water is carbonic acid, BR GOua ine This acid is formed when 
co, from the air dissolves in the distilled water. The solution heating 
effect may be partially responsible for the deviation. The heating effect 


is higher in a low concentration solution because much more power is 


dissipated within the solution. 


Figure 3-25 shows the resistance presented by an individual 
subelectrode as a function of the fluid gap spacing, The data were taken 
at 200 Volts on a 3 mm diameter stainless steel pin immersed 6 mm into 
varying concentrations of K, CO. solution. It is clear from these data 
that a wide range of elemental resistance is obtainable in this manner. 
In actual cathode fabrication, it is expedient to design for a constant 
channel size with a uniformly increasing fluid gap and decreasing pin 
immersion length in the direction of gas flow. This arrangement 
provides better current distribution over the electrode surface and thus 


results in a more uniform gain profile. 
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Figure 3-23 Electrolytic Solution Resistance vs. 
Operating Voltage at Low Concentration 
Gap - 6.3 mm, pin protrusions - 6.3 m 
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Figure 3-24 Electrolytic Solution Resistance vs. Operating 
Voltage at High Concentration 
Gap - 6.3 mm, pin protrusions - 6.3 mm 
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Sub Electrode Resistance vs 
Electrolyte Gap Length 
(for K5CO3 in H,0O) 


Electrolyte Concentration grams/litre 
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Figure 3-25 Subelectrode Resistance vs. Gap Spacing in 
the Solution 
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A typical resistance-current characteristic exhibited by a multi- 
pin cathode (with 512 pin) is given in Figure 3-26. This initial high 
valued nonlinear effective resistance, quickly drops to a constant low 
value, independent of coneree current. The resistance decrease of 
a single pin (Figure 3-23) was very much amplified in this figure. This 
is quite understandable since the former effect was magnified about 
500 times. These measurements were conducted overia short period; 
about 5 sec. per curve. If the measuring time is prolonged one should 
expect a resistance curve deviation at the high current end due toa 
solution heating effect. The resistance curve for high concentration 


may also be affected. 
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Total Electrode Resistance vs 
200 ) Electrolyte Concentration 
(for K>CO3 in H50) 
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Figure 3-26 Total Electrode Resistance vs. Total Current 


28 


o ae" 


Holtephaggd Sty herton! A | | 
sist arening At. 
ao vi or 4 . 
RGM, ahae i ae 3 ) 
ra ee SRD th iene. No awe 


M4, 


141 


3-3 Laser Operation with 276 Pin , Tap Water Ballasted Cathode; 


2nd Electrode Configuration 


The detailed construction of this electrode is given in Chapter 
2, Section 2-1-9. It has 6 rows of pins, and each row has 46 pins 
with a 1.2 cm distance between pins. The row spacing of 2.5 cm resulted 


in a pin density of 1 pin per 2.6 eee. 


All of the results in this section were obtained using tap water 
as the ballasting fluid unless otherwise specified. The first test was 
made with ~ 3 mm water gap spacings and ~ 5 mm pin immersion in the 
water. The maximum of 5 kW input power was achieved at 60 torr (CO, : 

N, He = 10:10:40) pressure. A power input limiting instability eventually 


Started from the pins in the gas downstream row. 


In order to minimize the problem, the water gap spacings and pin 


protrusion length into the discharge were arranged as per Table 3-7. 


Table 3-7 Electrode Pin Arrangement 


Row No. Water Gap Resistance Pin Protrusion 
Spacing (mm) kQ/pin in Gas (mm) 
lst 4.8 V3 30 14.3 
2nd Seis) oe Uap, 
3rd 6.4 I EP 237 
4th (ea BAS i 1S) 
5th ibe) Zo.0 i I eR 
6th Swf ZG 1063 


With this arrangement, the maximum input power obtained was 
12.6 kW at the same pressure, and with the same mixing ratio as in the 


first test. 
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3-3-1 The Relationship Between Pulser and dc Input Powers 

Since the pulser input power is a function of three parameters; 
the storage capacitance, the charging voltage and the operating frequency, 
variations in dc input power were studied as functions of these three 
parameters. The results are plotted in Figures 3-27 and 3-28. 
Termination of a curve in Figure 3-27 at the frequency lower than 20 kHz 
indicates that further power input was not possible due to arc development. 
This situation was improved when the pulser was operated at higher 
voltage as shown in Figure 3-28. A maximum dec input power was achieved 
when the pulser was operated at 15 kV and with a storage capacitance of 
830 pF. However, each curve has its own maximum which is a strong 
function of frequency. Further increase in frequency, after the maximum 


is obtained, decreases the dc input power as shown in Figure 3-28. 


Besides the parameters mentioned above, other parameters such 
as rise time and pulse duration also affected the maximum dc input. 
Since these two parameters are mainly influenced by the discharge Circune 
geometry it is very important to maintain the discharge loop at minimum 
length, in order to obtain a narrow pulse with fast rise time. In this 
test structure the pulse width was typically less than 100 nanoseconds 
with a rise time of near 30 nanoseconds. The pulser output voltage 
and current waveforms, obtained when driving the electrodes, are 
illustrated in Figure 3-29 . The current spike of Figure 3-29b is 
near 150 amps, with a duration of 50 nsec. Electrical pick up accounts 
for much of the high frequency oscillations superimposed on the current 


waveform of Figure 3-29b. 
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DC Input Power- kW 
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Figure 3-27 


10 15 
Frequency — kHz 


Input Power vs. Preionizer Frequency at 10kV 


CO, :N. :He = 10210240" (torr). without” UV. 


20 


7" *\ us . aii 


144 


13 


ooh 
=) 


DC Input Power-kW 
a | 


CO, :N,:He 


10 15 
Frequency —kHz 


Figure 3-28 Input Power vs. Preionizer Frequency at 15kV 
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Figure 3-29 Pulser Output Voltage and 
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Current -Waveforms 
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Generally, improved dc power loading was achieved when the laser 
gas mixture was preionized with a pulse having narrower width and higher 
voltage. This is because the prolonged pulse tail may act as an in- 
creased sustainer voltage and the ionization cross section increases 


ee For most of the tests 


with an increasing electric field intensity 
performed here, the optimum storage capacitance was found to be approx- 


imately 700 pF, while the best frequency range was 7 v 15 kHz. 


3-3-2 General Discharge Characteristic of 2nd Electrode 


Configuration 


Initially, the pin materials were chosen to be copper and brass. 
The copper pins were mounted in the first, fifth and sixth rows while 
the brass pins were used for the rest of the rows. These pins had been 
employed for about a year with actual operating time of % 300 hours. 
In the gas discharge, both pins behaved similarly even though the copper 
pins appeared to sputter more. The sputtered materials seemed to deposit 
on the ceramic plate around each pin, in a circular fashion and with a 
long tail in the flow direction. These deposit tails reveal the flow 
behavior in the vicinity of the cathode surface. No adverse effect 


attributable to these sputter deposits have yet been observed. 


The glow discharge obtained with this electrode configuration at 
45 torr is shown in Figure 3-30. Six rows of the cathode pins are 
clearly shown with thirteen glow strips of anode bars. two Of the 
anode bars are not shown in this picture. Several glow spots above the 
anode bars are due to spark plug U.V. sources. As can be seen the up- 
stream pins are not fully covered with glow. This suggests that the 


pin lengths in the discharge may be slightly too long. However, glow 
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Figure 3-30 Photo of Glow Discharge at 45 torr (CO, :N, :He=1.7:7.3:36) 
ie . source 
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nonuniformity found within the second row may be attributed to gas 
trapping around the pin ends immersed in the recirculating fluid. This 
latter effect has been confirmed by the observation that the nonuniformity 
moved with the ballasting fluid flow. An important parameter appears to 
be subelectrode protrusion length into the discharge region. A limited 
experimentation with different pin lengths has shown that 6 mm or less 

pin protrusion beyond the cathode's upper ceramic surface is adequate. With 
an excessive protrusion, the pin interaction becomes a limiting factor. 
Ideally, the subelectrodes should be near flush mounted and have a surface 
area selected to provide the desired current density. Several intense 
discharge columns can be observed against a uniform background glow. 

These columns are caused by different discharge conditions experienced 

by each pin due to nonuniformities in construction. These areas may 
develop into an arc at high power loading. However, thanks to the self- 
optimizing nature of this solution ballasted electrode, the discharge 


gradually becomes more and more uniform with operating time. 


When using the P.I.E. excitation technique with this electrode 
configuration a maximum 33 kW was deposited into a 3.7% discharge volume. 
This is equivalent to an input power density of Blewen and as such is 
slightly higher than the thermal limit of 7. OW em of References 75 and 

76 for a 2.3ms gas residence time. Considering the flow rate of 50m/s 
and the operating pressure of 45 torr (CO, :N, tHe a Ne 53530), the 
specific input power is 190 kW/1b. This value represents an improvement 


over 140 kW/1b of Reference 35. The specific input power of 190 kW/1b 


is also close to the thermal limit of 200 ~ 300 kW/1b of Reference 15 


3-3-3 Small Signal Gain Measurements 


The equipment and experimental procedure for small signal gain 
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measurements are outlined in Section 3-1-5. 
a) Spatial Gain Variation 


The probe laser beam was scanned across the gain aperture 
approximately 1 cm below the anode-cathode midplane. Figure 3-31 
shows the total small signal gain variation with downstream distance as 
a function of pressure. As can be seen the gain parameter decreases 
with increasing pressure. This result is consistent with the findings 
of low pressure measurement in Section 3-1-5, and the result of 
Reference 48 . Generally in the ballasted pin system, spatial uniformity 
of the discharge in the flow direction is assumed. However, as expected 
there are still gain variations between the rows; with local minimum 
directly above each row and local maximum in between the rows. This is 
because the discharge column from each pin was blown downstream. The 
variation in small signal gain transverse to the gas flow direction is 
displayed in Figure 3-32. The curve reveals a large variation in gain, 
especially in the vicinity of the electrodes. Such performance is 


(35) 


perhaps not unexpected in a C.W. device where nonuniform gas heating 
is likely to be present. This aspect should be particularly manifest 

in this test laser system, which has a high specific discharge power 
loading but only a relatively low gas flow velocity. With such a 


corresponding long gas residence time heating in the cathode-fall region 


could well dominate the transverse gain dependence. 


Further investigations were made on the relationship between gain 
variation and current density at 25 torr. The result was plotted in 
Figure 3-33. It was observed that the spatial gain variation became 
smaller as the current density increased. This signifies that the laser 


medium is more uniformly excited as the current increases due to growing 
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Figure 3-31 Spatial Small Signal Gain Profile Between 
the Rows 
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cathode glow area and consequent discharge column from each pin. 


Better spatial gain uniformity existed near the anodes. Figure 
3-34 is a plot of the small signal gain profile measured along 1 cm above 
the anode-cathode midplane in the output-power optimized-gas mixture 
(CO, :N, :He = 1.7:7.3:36). This gain profile is relatively uniform and 
as such is an improvement over Reference 48. The improvement in the 
gain profile is attributed to a more uniform current distribution 
provided by the multipin cathode. It is also shown that the upstream 
pins pump the laser mixture as well as condition it. This is quite 
different from References 13 and 48 in which the sole purpose of the 


upstream pins is to condition the laser gas mixture. 


The gain maximum appearing between the fifth and sixth rows suggests 
that the fifth row carries a somewhat larger current than necessary. 
This condition can be corrected by a slight readjustment of the pin 
immersion lengths. Unfortunately, the design precluded measurement of 
individual row currents with this cathode. However, judging from the 
gain profile and the luminosity of the discharge, the current must be well 


distributed among the rows except for the 5th row. 
b) Gain Variation with the Current and Flow Velocity 


Figure 3-35 shows the near linear relationship observed between 
the small signal gain coefficient and the total dc current. Even at 
the maximum test current of 12 A, which is equivalent to a current 
density of 44 mA/pin or 16.5 Ahan. this linear relationship is still 
maintained. This suggests that the system can be operated at still higher 
total current. The near linear dependence observed in this figure is 


; 48 
similar to that reported for self-sustained devices de 
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Gas flow assumes a very important role in enhancing gain by 
lowering the gas temperature and by removing contaminants from the 
discharge volume. Even a slow flow can increase the gain by a factor 
of byot. In the laser system described here, the gain increases 
rapidly for gas flows faster than 12 m/s as shown in Figure 3-36. This 
behavior may be due to improper mixing of the gases at slow flow speeds. 
CO, gas has a tendency to settle to the lower part of the system, around the 
heat exchanger, while helium gas tends to rise to the upper part of the 
system, which forms the laser box. This assumption was somewhat 
confirmed from observation of discharge color variations at low flow 
speed. When the flow rate is about 15 m/s (flow speed through the heat 
exchanger v 3 m/s) more effective mixing takes place, increasing the 
cO., partial pressure in the active volume and hence the gain. At still 


higher flow velocity the gain continues to rise with increasing flow 


speed because of the cooling effect of the gas flow. 
c) Gain Optimization by Partial Pressure 


In order to study the variations in gain with the partial pressure 
of each laser gas constituent, a two step optimization procedure was 
employed. Initially the co, partial pressure was approximately optimized 
by first fixing the N, and He partial pressures. Next N, ,and finally 


the He partial pressure was optimized. 


The above procedure was repeated several times using the previous 
optimization data as a starting point. The final results are shown in 
Figure 3-37. Care should be taken in interpreting the data obtained. 
This is because the discharge parameters are also affected by changes in 


pressure. Consequently, it is very difficult to conduct a consistent 
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test with varying pressure. In an effort to overcome some of this 
ambiguity a new parameter has been introduced. The parameter, termed 

the "specific gain coefficient" is here defined as the ratio of the 
measured small signal gain coefficient to the specific input power density. 
This new parameter has units of 4 - cms fwaet and as such provides a 

very meaningful comparison of device operation over a wide range of 


pressure and discharge conditions. 


Figure 3-37 illustrates the results of the laser mixture optimiza- 


tion for CO, and N 


D >? expressed in terms of this new specific gain 


coefficient. When N, and He partial pressures were FeouLOrr and: 35.2 Ore 


respectively, the maximum specific gain coefficient Securred at 2.5 torr 


CO, partial pressure. When 2.) COLL 0 and 35.0 torr He were used the 


2 2. 


maximum specific gain coefficient occurred at 2.5 torr N, pressure. In 
both cases the magnitude of the specific gain coefficient is almost the 


same. 


Figure 3-38 shows the change of the specific gain coefficient with 
the partial pressure of HeStat "ES 7* torre ror co, ANG Mise Lor’ OL N,- The 
maximum occurs at a very low pressure and decreases gradually with 
pressure in a near exponential fashion. A similar test was made to 
study the behavior of the specific gain coefficient with air pressure. 
The result is plotted in Figure 3-39. The reduction rate of the specific 
gain coefficient with partial pressure was greatest for CO,- Next 


in following order was air, N, and He. 


Because this new performance parameter, defined in this thesis, 
has to date not appeared in the literature, the author is unable to 


make further comparisons in this line. 
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3-3-4 Optical Output Power Characteristic 


The final and perhaps most important aspect of any laser operation 
is output power extraction. A system capable of high input power loading 
but that produces little output power is practically worthless. Often 
high input power can be achieved by using a mixture containing a lot of 
He but a very small amount of co, and N,- In this condition the output 


power extraction cannot be high, as there is an insufficient vibrational 


energy reservoir. 


This being the case, most of the output characteristics reported 
in this thesis were evaluated or measured under optimum output power 
conditions. The output power was always monitored by a Coherent 
Radiation detector connected to an X-Y plotter. The other input to the 
plotter was total discharge current. A second X-Y plotter was used to 
monitor and record the V-I characteristics. Two calibrated multimeters 
were employed to measure discharge current and voltage, and to provide 
a cross-check with the plotted V-I data. With this arrangement, input 
current, voltage, input power, and output power were easily and accurately 


measured. 
a) Output Power Optimization 


The output power was optimized for maximum power extraction by 
varying the partial pressure of the individual laser gases. The optical 
system employed was previously described in Section 2-3-2. Figure 3-40 
is the result of output power optimization by varying the co. partial 
pressure. The optimum partial pressure range (that produced more than 


90% of the maximum output power) is from 1.0 to 2.5 torr. The most 
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Optical Power Output vs CO, Partial Pressure 
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favourable pressure is 1.7 torr. As mentioned earlier, the partial 
pressure of CO, is quite small compared with the other constituent gases; 


N, and He. This result is consistent with References 8 and 1S © Tes 


As illustrated in Figure 3-4lathe optimum N, partial pressure 
range was 5-10 torr with the maximum output power occurring at 7.3 torr. 
When the Ny pressure was zero, the laser operated as a co, - He laser 
with an output of 210 watt. This result can be compared with that of 
Figure 3-4lbwhere the output power was optimized by varying the He partial 
pressure. When the partial pressure of He was zero, which was equivalent 
to co, - N, laser operation, the maximum output power was 215 watt. 
These results are in good agreement with those of Reference ober eit 
should be noted that the total pressure of co, - Ny operation (8.5 torr) 
is quite low compared with the total pressure of CO, - He operation 


(31.5 torr). The optimum range for He partial pressure was broad (24 - 


48 torr). The most favorable He partial pressure was SOeEOrr. 
b) Output Power Decrease with Air Leakage 


Experience has shown that laser operation is considerably affected 
by air leakage into the system. Air leakage affects overall laser 
performance by changing both the total operating pressure and the gas 
composition. This affect has been investigated for two cases; one for 
natural leakage and the other for induced leakage. The system had a 
rather large leakage rate of half a torr per hour. This value is termed 
"natural leakage" to differentiate it from the “induced leakage", in 


which the leakage was artifically introduced. 
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Both results were Pees in Figure 3-42 for comparison. The test 

with natural leakage was conducted over seven hours. The output power 
decreased linearly with increasing air partial pressure. The decreasing 
rate in power output was 91.4 watt per torr which is more than twice 

as high as 42.1 watt per torr of the induced air leakage. The rate dis- 
crepancy between the two results can be attributed to oil vapor from 

the high speed drive-box, and outgassing from the organic material inside 
the system which would have a larger effect on performance than natural leak- 
age. The time period for the natural leakage was seven hours which is 
about 14 times longer than that of the induced leakage test. Therefore, 
the concentration of contaminants had enough time to build up in the 
system for the natural leakage test thus resulting in high absorption of 


the laser radiation. 
c) Output Power Dependence on Gas Flow and Pulser Repetition Rate 


Figure 3-43 shows the optical power output dependence on gas flow, 
and preionization at the maximum dc power input. The abscissa is the 
relative gas flow velocity expressed in percent. 100% is equivalent to 
50 m/s. Recalling the result of the gain measurement with flow of Figure 
3-36, the increase in gain for speeds greater than 10 m/s is equivalent 
to the increase in output power at 20% relative speed. At the maximum 
flow, the highest preionizing input power (780W) increased the optical 
output power by more than 120 watt over the lowest preionizing input 


power case (80W). 
The preionizing input power was varied by changing the operating 


frequency and the resulting optical output power was plotted in Figure 


3-44. From this figure it appears that a 10kHz pulser repetition rate 
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Optical Power Output 
vs Gas Flow Velocity and Pulser Power 


800 Pulser 
@ 10kHz3.5kV 
© 10kHz7kV 
A 10kHz9kV c 
600 @ 10kHz11kV 
() 
400 


CO, ~ 2 torr 
N ~ 8 torr 
200 HOM 40 torr 
0 
O 20 40 60 80 100 


Relative Gas Flow Velocity 


Figure 3-43 Dependence of Laser Power Output on Gas 
Flow Velocity 
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Optical Power Output 
vs Preionizer Repetition Frequency 
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Figure 3-44 Dependence of Laser Power Output 
on Pulser Repetition Rate 
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is as high as desirable in this system. Performance, however is not a 
strong function of pulser frequency, in that essentially the same output 


power is obtained from 10 kHz down to as low as 3 kHz, 
d) Comparison of Self-sustained and Preionizer Maintained Modes 


The substantial input and output power gains that were achieved 
by using the preionizing technique instead of the self-sustained glow 
discharge is shown in Figure 3-45. With less than 1 kW preionizer imput 
power, about 10 kW sustainer input power and 520 W optical output power 
improvements were achieved over glow discharge operation. The 100% 


increase in power output justifies the use of the preionizer. 
3-3-5 Translational Temperature Measurements 


The translational temperature of the laser medium should be kept 
as low as possible for efficient laser performance since the lower laser 
levels (10°0, 02°0) thermally populate at a high temperature and form a 
thermal bottleneck. The population inversion between the 10.6um trans- 
itions (00°1 - 10°0) goes to zero at 680°K, terminating laser ertouk %. 
Another effect is the reduction of the stimulated emission cross section 
due to the increase of the collision-broadened linewidth with increasing 
temperature. Assuming equilibrium, the temperature rise in the discharge 
AT, can be expressed by: 

PPL P. 


AT = ret oe een | EE (3-5) 
a/c gn SON Sh Aiea tN 
Dax  < 


where the symbols are as follows: 
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Figure 3-45 Optical Power Output vs. Discharge Input Power 
With and Without Preionization 
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Symbol Description Unit 
Py Electrical power Input Watt 
PL Laser output Watt 
Po Power loss by cooling Watt 
AT Temperature change °K between mis 

Ty The upstream temperature 7K 

T, The downstream temperature 2K 

C The gas density Jnlgee 
“ The specific heat of the gas = 


(constant pressure) 


U The flow velocity cm/s 

ze The electrode width cm 

Vy. The discharge volume eae 

4.2 The conversion constant from Joules I/gm-°K 


to degree Kelvin 


For a given input power and laser output power the power 
removal by cooling should be as large as possible in order to maintain 
a small AT. It should be noted that Po does not include the heat loss 
through the heat exchanger. Most of parameters are predetermined by 
the design and operational conditions. The most easily variable parameter 


is the flow velocity. 


Due to the discharge interaction with the measuring probe, 
especially during pulser operation, the translational temperature 


was measured 14 cm downstream using a thermometer. Normally, the hot gas 


(35) 


from the discharge extends far downstream , consequently the measure- 
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ments should closely approximate the discharge temperature. 


In order to determine the thermal behavior of helium and 
nitrogen, discharges were made in gas mixtures consisting of co, and 
either helium or nitrogen. The temperature rise per unit input power 
(w/em>) was found to be 0.014 °K/W with a co, :N, mixture and 


0.0044 °K/W with a CO, :He mixture. This simple test illustrates the 


effective cooling of the electric discharge by helium. 

Figure 3-46 shows the translational temperature change with 
D.C. input power. The temperature has been measured under actual 
laser operating conditions. At higher input power, the temperature 
gradually levels off because the entire structure begins to take part 


in the heat radiating action. 
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Figure 3-46 Translational Temperature Change with Input 
Power 
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3-4 Laser Operation with 512-Pin Cathode: 3rd Electrode Configuration 


Significant improvements were achieved in overall performance 
using the 512 - pin cathode with a potassium carbonate aqueous solution, 
and 304 stainless steel pins. This combination exhibited not only a 
negligible corrosion rate but more importantly provided a gentle cleansing 
electro-chemical reaction at the metal - electrolytic solution interface when 
current density was high (> 40 mA/pin); and a protective film at a low 


current density. 
3-4-1 V-I Characteristics and Operating Impedances 


The V-I characteristics shown in Figure 3-47 are somewhat similar 
to those obtained with the second electrode configuration (276-pin 
cathode). However, in this case the operating voltage was about 302 
lower than that of the previous case because of its lower ballasting 
impedance (v 20 ohm). No significant input power improvement has been 
obtained with the increased pin density. This result is consistent with 


the findings of Wutzke et aie 


However, it is expected that the 
input power will be improved by the self-optimization of the electrode 


as described in Section 2-1-9. 


Each curve in Figure 3-47 shows the V-I characteristic under 
different preionization conditions. Curve I signifies a photo-impulse 
preionization operation. Here the sustainer voltage is well below 
breakdown, and the discharge is kept running by both photo and impulse 
jonizations. This preionization produces an extremely uniform and 
stable plasma. Curve II represents operation with only impulse ioniza- 


tion. Although operation without U.V. preionization is stable, discharge 
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Figure 3-47 V-I Characteristics OE te iat. Discharge 
in High Pressure 
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uniformity becomes degraded, with a tendency for downstream blowing. 
Maximum power loading is also reduced. Curve III demonstrates the in- 


fluence of U.V. preionization on the self-sustained V-I characteristic. 


Fully self-sustained performance without photo or impulse ion- 
ization, is characterized by curve IV. In this narrow and comparatively 
unstable regime, the discharge is highly nonuniform and blows considerably 
downstream. The dotted lines extended from curve IV bound the different 


modes of operation: 
Region "A" - preionization sustained mode; 


Removing the preionization from this region results in the 
termination of the discharge and the electrode potential jumps to the 


open circuit voltage. 
Region "B' - self-sustained glow discharge mode; 


Complete elimination of preionization from this region ends up 
on curve IV for a self-sustained glow discharge. The preionization in 
this region keeps the discharge uniformly spread. The self-sustained 


glow discharge is usually constricted to a small volume. 


Region "C" - Preionization maintained mode; 

The plasma uniformity maintained by the preionization creates an 
extra stable region ''C'' which would be an unstable region otherwise. 
Therefore, absence of preionization in this region means eventual arc 
development. Note that gradual removal of preionization by changing 


frequency from x or y on curve I results in an are at x' or y' respectively. 


Some insight into this P.I.E. type discharge behavior may be 
provided through re-examination of the "photo-impulse" V-I characteristic 


curve I in Figure 3-47. Figure 3-48 represents this same curve plotted 
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on a log-log format. The data is seen to be well fitted by two lines 
of considerably different slope. For discharge currents up to about 
7 amps. the sustainer current is proportional to ie 4 Above this 
level v° fits the experimental data well. Where V is the sustainer 


discharge voltage. This 7A is on the boundary of the pulser sustained 


region and the self-sustained region. 


The initial slope is somewhat remote from a linear V-I character- 
istic expected in a true "pulser-sustained" mode. The experimental result, 
ee could be the influence of a plasma density gradient within the 


9 

interelectrode region. Nonuniform U.V. illumination and the relatively 
Pohl ek? Aue (28) 

short range photoionization process could account for this discrepancy - 

However, the near abrupt transition in discharge current dependence of V 

near 1kV is more difficult to interpret. It is nevertheless 

conceivable, even in this relatively low field-pressure regime (2.3 kV/em- 

atmos.) of operation and especially in the vicinity of the cathode, that 

the sustainer field-strength could provide sufficient energy via the 

cathode fall potential for collisional ionization by cathode electrons. 

Such a process would provide an additional source term in the electron 

(93, 104) : : ; F 
swarm . This term is combined with the U.V. source term and 


jointly multiplied by the impulse discharge. The glow on the pin 


ballasted cathode exhibits an abnormal glow characteristic upon 


first appearace. This can be understood by recalling the de- 


(92) 


finition of an abnormal glow which is presented in Section 3-1-3, 
and the shape of each pin. Each pin has a negligible flat portion. Con- 
sequently, the current dependence of v° can be attributed to the abnormal 


glow process. This result is consistent with that of the abnormal 


glow discharge of Reference 92. 


4 


iV E.G) webge7 svuveeta-S4ek4) Wel weaning hdd at favs oo Hpoteana 


oo seal y sdiaieg ait bemehaale is | 


i: - = i 


i i. : , ‘ : 
ows Ta het2i3 ilo ed 9 dena died met 


a ar. 
thy ny hae ot ea ea 
2 
ds oF Gt Banet#eo. Opt wisn hoe. ee ok 4 aniys0 8% 
; F iy! ; \ = Was : Pt Pi 
r B ‘a . 45 Tas » A) a Ni “aL oe. Ne i 
fA cu V a Cece kopepeheah aah Sea tse, my sone 
Wee vay Fan LE | ti + i 4a, yuk A rah) 
Pl ane S } saa ee ; 
sire of4 @2 V cy Lilet Sait Dadogekn ug a ade hatte ; 
A : : =—¢ he an) : AL se i 7 ad 
» »yrh te At Bi Ne "y ae - ; o ai 
rjelore oad Ez O Sad oh Bo Ay oidt .egediow sgtataa 
mA ie i NY f re rd athe ‘a 
i if. 
r SLAs DSNIRA pind te + nels. bis —_ 
a, ms oy, i 1 i Veret bs my 
ree ee i hi ‘ t 
iemet » + gsteay aadveune ty agnde tatater ad 
cl 
a eg 
’ ’ 7 See fi ia Wi 77 = bats 
; F / yy, a 
: aig a epee ligt si} sh 
fy bee aoloen 2s a sro Sirucov aah whe vaste 194 
od ’ ev; \ 
wroeth wie. "s02 dunooom binos rn soktexkeatasodg emia 3 
‘ f Swine “en j od 
¥ To sonwhieq@h Idérime sgeedoako Ae cOkaeeM sid Iquasm tavt sit, 


} 4 
deatedoewe et a0. oe 7 Py ated ha ane xt ak ter to 


a Oi tS are ; CS 
fr - 
? ,Mheidas sds ts a iit a hea ‘era bes taoag and vh — 
4 Y at 


ok a ys ay : 
aa © ¢ Ae bad ue 


a2viiase to: storiny yd aol Isl qad poate! at: 
- ya iN ee Se ae 
cargoare galt ak ty iran beets athe pi 
a is ae) 
bite ares aoe. Hy ve dalw iaead fami. ® hs. une 
i ne 11 5 on ‘ AF 


whe ona no, W igs ay ured std ae 


Vena 7 i 
i aoe soe peoudse sree Woks Sais 


ahve 


a is 7 ‘ oy J i : ; 
aks | Pukilecw: cd boose 
f : mt a ani F Ay a an aes Ri f 


eal miapooalite brennan « as i 


ra, im 


' a - ey. 


. wey is 
‘ hae on 3 


“3 


181 


Figure 3-49 shows the plasma and the ballasting impedance changes 
with current. It reveals that the ballasting impedance was much 
less than that of the second electrode configuration (276 pin cathode). 
However, the plasma impedance remained the same. This result suggests 
that the pin density does not change the plasma impedance very much as 


e 2 e e 2 
long as the current density (A/cm’) is maintained the same. 


3-4-2 Spatial Gain Profile and Discharge Characteristics 


The spatial gain profile, measured in the flow direction, is 
illustrated in Figure 3-50. Curve 'A'’ represents the gain profile 
measured with the third electrode configuration. Curve 'B', the 
gain profile for the second electrode configuration is redrawn from 
Figure 3-34 for comparison purpose. The gain profiles of Figure 3-50 


can be altered at will by adjustment of the fluid gap spacing. 


The decrease in the total gain in the downstream direction 
coincides with the current distribution profile shown in Figure 3-51. 
; : : (a,45)" : 
This result is compared with that of other workers in which the 
downstream side of the electrodes carry the greater part of the discharge 


current. However, in this case the current on the downstream side is un- 


necessarily small due too much incremental ballasting resistance in the flow 
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3-49 Laser Plasma Impedance vs. Discharge Current 
CO, ?N, +He = 1.7:7.3:36 (torr), Flow - 50m/sec 
Pulser - 10kHz at 11kV 
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Laser Gain Profile 
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Figure 3-50 Spatial Gain Profile in the Direction of Flow 
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Figure 3-51 Spatial Current Distribution 


CO, :N, ?He = 1.7:7.3:40 (torr), Flow - 50m/sec 


Pulser — 1Oke2 at l3kV, Total current -, LOA 
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direction. The current distribution and consequent gain profile will 
be improved with time by the self-optimizing tendency as explained in 


Section 2-1-9. 


The current distribution profile is understood by reviewing the 
distribution of the ballasting resistance. Figure 3-52 shows the 
ballasting resistance per pin as a function of the gap spacing. The 
nonlinearity of the ballasting resistance is mainly caused by the different 
pin surface area immersed into the solution. No adverse effect due to the 
nonlinear distribution has been observed. However, if one wants to have 
linear distribution of the ballasting resistance, the fluid gap spacing 
should be adjusted by moving the current buss instead of changing the 


pin immersed lengths. 
3-4-3 Output Power Characteristics 


The temporal behavior of the sustainer current is shown in Figure 
3-53. The impulse current is seen here to be negligible in comparison 
to the steady state dc sustainer component. The dc current shows a 
small perturbation for about 250 ns after the initiation of each pulse. 
The resulting optical output power waveform is illustrated in Figure 
3-54. The small spike appearing on the dc level indicates that the 
laser pumping by the pulser is almost negligible so that the optical out- 


put power can be assumed as C.W. 


A further investigation was made on the long range temporal 
behaviors of the input power, the output power, and the laser extracting 
efficiency. The results are plotted in Figure 3-55. The output power 
dropped off approximately 1% per minute for a 3 minute test period. This 
is attributed to the input power decrease which resulted from the in- 


clusion of small gas bubbles in the solution and the gas impedance change. 
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Sub Electrode Resistance vs 
Electrolyte Gap Length for 
Typical Electrode Geometry 

32 

28 

Electrolyte Concentration 
0.125 grams KyCO3/litre 
H5O 

24 


20 


Gap Spacing 


12 


Sub Electrode Resistance 


Row Number 


10 i2.5 


Pin Position (cm downstream) 


Figure 3-52 Subelement Ballasting Resistance and Fluid 
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Sustainer Waveforms 


Sustainer Current - 5 amps/div 


|__—» Sweep Speed - 20 usec/div 


Figure’ 3-53 Temporal Behavior of Sustainer Current (Long) 
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Figure 3-54 Temporal Behavior of Laser Power Output (Long) 
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Figure 3-55 Temporal Behavior of Input Power, Output 
Power and Efficiency 
CO, :N, :He = 1.7:7.3:40 (torr), Flow - 50m/sec 
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However, the power extraction efficiency remained the same. This 

clearly indicates that under this operating condition, neither contaminants 
nor temperature plays an important role in laser operation. 

Considering that the system was operated in a closed cycle configuration, 
the constant efficiency is an asset of this system. The low power 
extraction efficiency is due to the water damaged mirror surfaces and reasons 
described previously. The linear relationship between the input power 

and output power is illustrated in Figure 3-56. The maximum output 

power of 1200 W obtained with 25 kW discharge input power yields 5% 

power extraction efficiency. The improvement in this case is due to 
better mirror alignment and a repolished output mirror. The linear 
dependence suggests that the system can be operated at higher input- 


output power levels. 
3-4-4 Material Processing Experiments 


The "Material Processing" mainly includes cutting, welding and 
drilling in this section. The acceptance by industry of the high power 
laser for material processing was first reported in the United States 

G7) (79) 
by Locke et al. , and a further progress report was made in 1974 “ 
More recently, the United States Air Force justified the economics 


| ; ; (80) 
of laser cutting over conventional aerospace cutting methods ° 


In order to demonstrate the potential of lasers for material processing, 
various qualitative experiments were conducted utilizing the laser 
developed for this project. The optical system used for the experiments 
was the basic 5-pass optical resonator with a Zn-Se output mirror, and an 
NaC2 lens with a 50cm focal length. The beam was focused to a diameter of 


5 Zz 
approximately 1.0 mm, resulting in a power density of 1.3x10 W/cm. 
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In these experiments, the laser beam was brought to the focusing 
NaC& lens, which was 1.5 m away from the output mirror, through the 
atmosphere. A funnel designed to supply a working gas to the work-piece, 
enclosed the laser beam up to 2 cm before the focal point. A remote 
control adjustment allowed the work piece to be moved vertically or 
horizontally perpendicular to the laser beam axis. Also, a rotating 


chuck was provided for welding. 


a) Laser Cutting 


(79) 


The three techniques for high power laser cutting are listed 
below: 
1) Vaporizing the cut region. 
2) Melting and blowing away the molten material with an 
inert gas. 


3) Melting and blowing away the molten material with a 


reactive gas, usually oxygen. 


The third technique is the most effective since extra energy is 
generated from an exothermic reaction between an active gas and the hot 
metal. For this reason the third technique was mainly used for metal 


cutting. 


Figure 3-57 shows the photos of the laser cutting and cut-edge of 
2 om thick carbon steel.An oxygen jet was used to cut this thickness at 
a speed of v 30 cm/min. When the first technique was used the maximum 
thickness that could be cut was about 0.5 cm. The considerable slag 
adhesion to the opposite edge of the beam signifies that the oxygen jet 
stream was not fast enough. The low jet stream is attributed to the 


low pressure used and % 30° jet angle to the cutting edge. The work 
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| (b) 


Figure 3-57 Laser Cutting of 2 cm Carbon Steel 


a) Cutting Operation 


b) Cut Edge 
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piece was fed manually. The cut-edge will become smoother with automatic 


feeding. 


Fire brick, concrete block, glass and ceramic plate exhibit almost 
the same characteristics in laser cutting. The molten puddle assumed 
a highly reflective glass-like state and further penetration of the laser 
beam was difficult. Therefore, for effective cutting of these materials, 
a blowing gas or a mechanical means of removing molten material was 
required. Laser cutting may also have potential in surgery, especially 
amputation surgery as verified by tests on a meat bone. A 2 cm thick 


bone was cut at a speed of 60 cm/min. 
b) Laser Welding 


Laser welding is known to be very effective because of the ability 
for deep penetration and high speed welds. The penetration depth can be 
compared with an electron beam weld, however, laser welding is considered 
to be superior to electron beam welding in the sense that the laser 
beam can be transmitted through the atmosphere, or through various gases 


t i 
without much Bue etn ane 2 


Figure 3-58 is a photo of a laser weld conducted with 3 mm wall 
stainless steel pipe. The butt-joint was welded in a vertical position. 
The complete fusion penetration welding was performed at a speed of 
10 cm/min. The weld does not show any sign of beading. The probability of 
impurity inclusion is very low, since filler metals were not used in 
this laser welding process. The heat affected zone is very narrow (<1 cm) 


and this situation will be still more improved with higher power density. 


The problems encountered in laser welding are the reflection of 


the beam from the metal surface and energy absorption by the plume of 
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vaporized material. Fortunately, as the temperature of the surface 
increases, reflectivity generally decreases with a corresponding increase 


in Eheonoe iter eno 


The absorptivity can also be improved by coating 
the work piece. The plume of vaporized material can be deflected to 


avoid the incoming laser beam by flushing the working surface with a 


shielding gas. 
c) Laser Drilling 


A laser drilling process is simple but potentially important for 
industrial applications. The results of early investigations of hole 


drilling are well documented in Reference 56. 


A common characteristic of the laser drilled holes found in this 
experiment, is that the holes are tapered with a larger diameter at the 
entrance. This effect is much more pronounced in deep holes. This fact 
can be explained by assuming a laser beam impinging on the surface of 
the work piece with uniform power density. After a small incremental 
time, At, the laser beam is specified to have drilled a depth of Ah. 
Here after the beam power at the boundary acts on the hole surface 
(27yAh) as well as the beam front. Asa result, the hole becomes 
slightly tapered. The situation is more aggrevated as the hole deepens 
because the side wall behaves as a "light pipe" that causes refocusing 
of the beam. This effect was experimentally verified by 13 cm deep 


holes drilling through a perspex plate. 


Figure 3-59 shows the holes pierced through 2.5 cm thick asbestos 
plate. Two holes perpendicular to the paper are 2.5 cm deep. The 
deep hole drilled parallel with the paper is demonstrated by a rod 


passing through it. Deep hole drilling was performed on a concrete block 
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Figure 3-58 Photo of Butt-joint Laser Weld - 1 pass 


3 mm Wall Stainless Steel Pipe 


Figure 3-59 Photo of Laser Drilled Asbestos Plate 
1. Perpendicular to Paper 


2. Parallel’ With Paper 
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(v6 cm), a perspex plate (v 13 cm), a salt block (~ 14 cm), and a 

coal chunk (~ 15 cm). For concrete drilling, the molten material was 
removed by mechanical means. To drill a clean hole through organic 
material (perspex or coal) extra care should be exercised. Otherwise 
the gasified organic materials will burn fiercely, damaging the entrance 
aperture. An NaC& block in its natural state was found to be completely 
opaque to the 10.6 um laser beam. More than 90% of the material 
vaporized and escaped from the hole. As the hole deepened, the molten 
material was spewed out with these vapors like a volcanic eruption. 

The vapors did not seem to absorb laser energy significantly, and re- 


crystalized outside the hole. 


The general trend of the deep hole drilling action is illustrated 
in Figure 3-60. The maximum depth achievable with a given laser power 
density depends upon the material and working environment. The working 
environment such as temperature or drilling position is important for 
efficient drilling. At the maximum depth the energy removed by loss 
mechanisms balances the incident laser energy, and the curve becomes 


flat signifying that no further drilling is achieved. 
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Figure 3-60 Hole Depth vs. Drilling Time 
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CHAPTER 4 


P.I.E. LASER THEORETICAL MODELING 


This P.I.E. laser model presented here, is based on the five 


(94) 


temperature model of Manes and Seguin , with an extension for the 


effect of CO produced by the co, dissociation in the electric ates aw 
The CO concentration under continuous electric discharge can reach as 


high as 50% in a closed Bea Shae and 10% in a flow werent ae 


In 
order to reflect the substantial translational temperature gradient 
in the flow direction under C.W. operation, each relaxation coefficient 


(97) | The characteristics 


includes the translational temperature term 
of the active medium of a continuous-flow co, laser are included to 
describe the spatial dependence of the gain parameter along the flow 
direction. The cavity field intensity equation is modified to 


include the effect of the flow, the output coupling, and losses of the 


multipass optic system. 


4-1 Approximations Made for the Theoretical Modeling 


To simplify the calculations, the following approximations are 
made: 
ies The energy exchange among the levels of a mode is 
so rapid that Boltzmann equilibrium can be assumed 
for each vibrational neice 
be The heated gas has enough time to expand so that 
the gas pressure is constant in time and amen ote 
Bie Spontaneous emission and particle diffusion rates 
are so small that they can be neglected except for 


(48). 


the initial radiation 
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The electron density is uniform in the direction 
transverse to electron drift and gas ee) 
Each vibrational mode can be represented as a 
perfect harmonic Bee 

The flow is fast enough to prevent building up of 
quenching molecules that reduce the N, metastable 
or 2-step ionization of Nye 

Ionization and dissociation of co, from the upper 
laser level by the pulse discharge is comparable 
to that from the lower laser level. 

The water content can be neglected. 

The preionizing input power is so small that 
(typically less than 5% of the sustainer input 


power) the parameter variation with time can be 


neglected. 
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4-2 Energy Balance Equations 


The five-temperature model for a time-dependent TEA laser has 
been modified for a continuous-flow P.I.E. laser by incorporating 
terms describing the effects of flow velocity, translational temp- 
erature and CO. It can be assumed that the time dependent electron 
density is spatially uniform because the pulse preionizing energy is 
adjusted such that current density is uniform in the flow direction. 
However, due to the non-zero relaxation times, the rate of change in 
the stored energy of each vibrational mode is spatially dependent. 
Consequently, the energy balance equations should include two in- 
dependent variables; the downstream distance, x, and the time, t. 
Assuming that the energy density E, (x,t) (ere fen of the "i" species 
is a function of time and the downstream distance, the rate of change 


in the energy density is the total derivative expressed by: 


d E, (x,t) i P) E, (x,t) i P) E, (x,t) Gx 
dt ot Ox dt 
3 E, (x,t) 3 E, (x,t) 
= ———— + ——___ JU (4-1) 


ot ox 


where U represents the flow velocity. This equation constitutes 
the left hand side of the energy balance equations. In the energy 


balance equations E, G,t) is denoted by E. for convenience. 


The time rate of change of the vibrational energy, E> of each 


mode of oscillation is described by the Landau Teller equation as 


(98) , 
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of eee : 
dt Shoe 


where Be (T, ) is the equilibrium energy at the vibrational temperature 
T,> and t is the time required for the difference B,-E, (1,) tovraLe 
to l/e of its initial value. The equation (4-2) shows that the 


vibrational energy always tends toward an equilibrium value. 


Ey represents the energy per unit volume (encien) stored in the 
O 
CO, symmetrical mode which contains the lower laser level, (100). The 


rest of the symbols will be defined later. 


e 
E,-E, (T,) ae hy, ie (T,T, .T,) 
T 19 (To) hv, t, (T,T, »T,) 
hv ErebveLere rere ba) 
un Bilieo oi igen. 
+ [ J+ hv, AN WI 
hv, tT. (7,T, sT,) i ay) 
(4-3) 


The first term on the right hand side represents the energy gain of 
the symmetric vibrational mode by electron pumping. The energy 

gained through vibrational-vibrational (V-V) relaxation into this 

mode from the higher vibrational modes is added to the electron pumping 
energy. The energy loss through V-T (vyibrational-translational) 

and V-V relaxation is represented by the second and third terms. 


Stimulated emission also contributes to the energy gain of the 
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symmetrical vibrational mode and is represented in the equation by 
the last term. The rate of energy density change of the CO, bending 


mode (E,) is expressed as follows: 


JE 9E fn) 
2 Da rie enn ee 
UG a ) + yeas N, (x,t) FNog hy, X,, + TS) 
eae 
e 
Hy-E, (T) : hv, : Bopha (Eyles Dp) 
T5Q (7) hv, tT, (T,T, sT.) 


e 
hv ESE, (T,T, »T,) 
TeCL ST AT) age 
5 oy Raed hia 
On the right hand side, the second term is the energy obtained from 
fermi-resonant symmetric mode, the third term is the energy released to 
the translational state by the V-T relaxation and the fourth and PIsch 


are the energies obtained through V-V relaxations from the upper laser 


level, and CO at V=1 respectively. 


The energy density (cerca) stored in the co, asymmetric 


mode is designated by E.. The rate equation for E, is expressed by: 


- hv, AN WI (4-5) 
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Energy contributions are made by electron pumping, resonant 
transfer from the first vibrational mode of N, (V=1), and the V-V 
relaxation of first vibrational mode of CO (v=1). The main energy 
drain processes are V-V relaxation to the lower laser levels and 


stimulated emission. 


The energy density for Ny» Ey? decays dominantly by resonant 


transfer to the CO, asymmetric mode. Other relaxation processes 


are neglected without much error. 


Ue) era Ne) Ne, Xe 
e Ny Livre T, 9 (T) 


e 
nue’ Heber (ryt) ) 
se as) 4 
+ (232 1 (4-6) 
Av. to, (T,T,) 


Es is the energy density Ciena stored in the CO vibrational mode. 


aE. dE. BeBe) ()) 
WG meme aN cTs yt N, (x,t) (1-F) Ng SS Ti rate) 
e e 
; E, E, a0, 315) E.-Ey (ZT) 
t.(T,T, ,T,) t,, (T,T,) 


(4-7) 


Electron pumping is the only contribution to the energy gain of E. 


mode while the stored energy decays to all relevant modes through V-V, 
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or V-T relaxation processes. 


Equations (4-3) through (4-7) describe the energy exchange rates 
among the relevant levels of the gas transport C.W. Pas bei taASer. 
In order to complete the model, the kinetic energy and the radiation 


intensity equations are needed. 


The total kinetic energy per unit volume, E, can be expressed 


in terms of the translational temperature, T, as Ealllowas he 
ee eae 2 3 . 
E = ( 5 Ny “ 5 Noo aP 5 Nu) kT (4-8) 


Its rate of change is due to the V-T relaxation of each vibrational 
mode, the energy defect in V-V relaxation, and direct heating from 


the gas discharge. 
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ELE °(T Teeter) V.-V,—V 
3583 ee 2 ie Be 2a: ) 
Tyg tial) hv, 
EOeReeUEST. 20s) Soa Plok. (Pots) 
Shas gee Heat jenve Se ) De Bs) ae 
eociat aly) hy et) 
Very E,-Es (T,T,) 
+ h( a rat 1 (E,T,) (4-9) 
5 Da pee 


In a typical pin ballasted laser discharge direct heating is less 


than 10% of the total heating whereas V-T and V-V heating is over 90% 


of the total Heatine te In the P.I.E. laser system under consider- 


ation, electrode cooling may compensate, or surpass the direct heating. 
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For this reason the direct heating and cooling effects were not considered 


in Equation (4-9). 
The cavity radiation intensity, Is is expressed by: 


Zz 


oT, di, I, do 2Av, 
Wi a eee OANWE. = —- + chv N.o PJ) 
Vv T re 1 


ox dt L 00 Ate AD 
c sp Ss 


P 


(4-10) 


The last term represents the spontaneous emission which is negligible 


under continuous operation. 


The translational temperature can be calculated by using Equations 
(4-8) and (4-9). This translational temperature is expected to increase 
with increasing downstream distance. Consequently, the gas experiences 
changes of its parameters such as gas density and flow velocity. Since 
the preionizing input power is less than 5% of the sustainer input, 
the time dependent influence of the preionizer is neglected. The spatial 
pressure variation can also be neglected. This is because the gas has 
enough time to expand in moving a distance of the order of the spatial 


resolution of the measurements. 


This assumption simplifies the variation of gas density and flow 
velocity with downstream distance, x, so that they can be calculated 


by the following equations: 


N(x) = N,() ay (4-11) 
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where N, (0) and N, 6) are the number densities of the gas species 
! 1 


a' at the downstream distance '0' and 'x' respectively. T(0) and 


T(x) are the translational temperatures: 


U(x) = U() 


T(0) (4-12) 


where U(0O) and U(x) are the flow velocities at the discharge inlet 
and at a downstream distance 'x'. These gas dynamic equations are 
incorporated with the energy balance equations to describe the P.I.E. 


discharge. 


bg 
Soe (OVE Visvijobgesd ds yaa * 


astonie gem wd Ae ent | 4 


oo 


tise s wei: 


ished sqradcets off Ge eatatouior “woe ens a8 rae beach 


rat+ gue 3) henareh tad anedm cha? aoassule move 


~~ 


; ; 
L.A ens Seis a obs Q3 ero. hi acres sanetnd ¥e7a0e add 


; wm 
BAM Lt : 
‘ j a i - 
eM ie ee a 
1) ae 
. ee se 
pews hie oS ad i” A 


4-3 Description of Symbols 


207 


The terms appearing in the energy balance equations are explained 


in the appearing order: 


Symbol 


U 


x 


N, (x, t) 


Description 


Gas flow velocity 
Downstream distance from the 
upstream cathode edge 


Time 


Energy per unit volume stored in 


the "iL" vibrational mode; 
E, (x,t) 
i vibrational mode 


1 co, symmetric 


2 CO, bending 


3 co, asymmetric 


4 Ny vibrational (V=1) 


5 CO vibrational (V=1) 


cm 


Unit 


em/sec 


sec 


see laee 


Time and spatial dependent electron Name 
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CO. fraction 
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erg/sec 


Hz 


a eae 


mK 


een 


sec 


a : 7 ; 
zm ,s used in.this work are summarized 
mn 


in Table 4-1, where "a" denotes the 


gas species; 
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and 'mn'' represents the 
initial and final levels 
respectively, involved in 


V-V or V-T relaxation. 
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1.38054x10- erg/°K 


Boltzmann's constant 


1-exp (-8,/T,) 
sec 
a 


Nk, [14exp (-8,/T)] 


No 
et 


a=1 
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the Fermi resonance between the 
co, symmetric and bending modes 
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4-4 Computer Simulation of the P.I.E. Laser Model 


In the preceding sections, the energy balance equations, and 
the modeling procedures for a continuous wave co, P.L.b, laser have 
been presented. In this section a procedure of numerical solution 
of these equations by using System/360, Contintous System Modeling 
Program (CSMP) is briefly discussed. A detailed description of the 
method of programming is found in Reference 106. More information 
was summarized in Appendix A. The program structural segmentation is 
illustrated in Figure 4-1. The structure statements within the 
INITIAL segment are calculated only once at 'x' equals zero. Each 
gas number density, translational and vibrational temperatures, 
corresponding energies, and all parameters that do not change through 
the discharge volume are calculated, or are assigned values under the 


heading of CONSTANT in this segment for initialization. 


The structure statements within the DYNAMIC segment describe 
the dynamics of this model, and the corresponding computations are 
performed repeatedly, under control of the selected integration routine 
(Runge-Kutta method), during each run. The temperature dependent rate 
constants of Table 4-1 are computed with the initial temperature. With 
the computed rate constants, the relaxation times are calculated. These 
results and the parameters obtained from the INITIAL segment allow the 
differential equations to be solved. Upon completion of the energy 
calculation for each mode, the population inversion, AN, and the 
stimulated emission rate, W, are computed. The small signal gain co- 


efficient, ao» is obtained by the following equation: 
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INITIAL 


Compute or assign initial condition 
values. (The gas parameters at the 


entrance of the gas discharge). 


DYNAMIC 


Compute all the parameters that 


are functions of the spatial 


position. Solve the energy 
balance equations, and the gas 
dynamic equations. 


Set the initial values for the 


succeeding iteration cycle. 


print & plot 


TERMINAL 


Simple calculations desired after 


completion of each run. 


EZ 


Figure 4-1 CSMP Program Structure 
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a, = hv, W AN x 100 (%/cm) (4-13) 


The symbols are explained in the previous section. The total gain, 


GAIN, is defined by the following equation: 


a L/100 
Teena ais 
GAIN = Rh x.100 (%) (4-14) 
Pp 


where is the probe laser beam intensity. 


Before starting the next iteration cycle, the print interval, 
PREDEL, under TIMER control is tested, and the requested outputs 
and AN) are printed. Further 


(T,.T,> Tz» 5» GAIN, N 


“ih 10°0° Noo°1 
evaluation for the translational and vibrational temperatures, flow 
velocity, and number densities is performed. The parameter values 
obtained in the current iteration cycle are assigned to be input data 
for the next iteration cycle. The computation recycles with the 


integration increment, DELT. The recycling terminates when the in- 


dependent variable,x, meets the maximum condition, FINTIM. 


The structure statements within the TERMINAL segment describe the 
computation or action to be performed upon completion of each simulation 
run. This segment is automatically entered when the TIME equals FINTIM 


or any finish condition is satisfied. 
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4-5 Comparison of the Results With the Experimental Measurements 


A good method for testing a laser kinetic model and computer 
code is to compare the theoretical calculations with the measured 
values. In this section the previously measured data was replotted to 
compare with the computer plotted curves. Although the calculation 
produces many output parameters only several of them were printed and 
plotted for comparison purposes. The first calculation was conducted 
with the following conditions. In this calculation CO effects were 
excluded simply because the degree of dissociation was not known. The 
simulation was made with the same discharge parameters as used for 


Figure 3-34. These parameters are summarized as follows: 


Electrode Configuration 2nd 
Discharge Volume 42 
Electrode Spacing 6cm 


CO, :N, ?He are] 3753 :36M( torr) 


Sustainer Current 6A 


Current Distribution 


actual unknown 
assumption spatially-uniform 
Resonator Status no mirror 


Both calculated and measured total gains were plotted as a function of 
downstream distance in Figure 4-2. The calculated data was presented 
in Appendix A under data 1. As shown in Figure 4-2, poor agreement 
is seen in the vicinity of upstream and downstream pins. The measured 
results suggest that the upstream and downstream pins carried more 


than the average current. Unfortunately, individual row currents could 
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not be measured with this cathode. Except for these two extreme 
regions the calculated total gain agrees very well with the measured 
data. This good agreement through a wide spatial range (from 2te 
10 cm) suggests that CO generation by CO, dissociation must be small 


under these discharge conditions. 


The second computer calculation was made with the same conditions 
as for the first calculation, except for the current density, and the 
electrode configuration: 

Electrode configuration 3rd 


Sustainer current 14A 


Figure 4-3 compares the measured and computed translational 
temperatures for two different discharge conditions. It is seen from 
Figure 4-3 that a fair amount of heating energy is removed by electrode 
cooling, especially for the 14A case. Therefore, the measured trans- 
lational temperature was used as an input to the program Eorsthe 
second calculation. At this point it is obvious that a (cooling energy 
term should be included in Equation (4-9), however, no attempt was 
made due to the complexity of estimating the cooling term. The gas 
flow velocity, expressed by Equation (4-12), is proportional to the gas 
temperature and therefore the flow velocity can be deduced from Figure 


4-3 by replacing 300°K with 50 m/s. 


Figure 4-4 shows the computer plotted total gain curve for the 
P(20) transition along with the measured data curve reproduced from 
Figure 3-50. The corresponding small signal gain coefficients are 
illustrated in Figure 4-5. The theoretical and experimental values 


agree very well, except for the upstream region in which the theoretical 
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Figure 4-3 Comparison of the Measured Translational 
Temperature with the Computed Value 
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Figure 4-5 Comparison of the Measured Small Signal 
Coefficient with the Computed Values 
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values are somewhat low. This discrepancy might have resulted from 
the underestimation of the upstream-row-current resulting from approx- 
imating the measured current distribution (Figure 3-51), by the average 
current for the calculation. The effect of CO, which was not included 
in this calculation may also account for a part of this discrepancy. 
The better agreement on the downstream may be related to the improved 
E/N as shown in Figure 4-6. A spatially dependent E-field in the dis- 
charge can be calculated from the measured current and resistance 

data of Figures 3-51 and 3-52, while the temperature dependent number 
density can be estimated from the measured temperature of Figure 4-3 
and Equation(4-11).. Figure 4-6 is a plot of E/N and input power density 


as a function of downstream distance, x. Normally the E/N value for 


this P.I.E. laser is about Neale eee which is lower than PEIOR. Vem 


of COFFEE laser and Sn eae of the non-flowing self-sustained 


Coy Figure 4-6 also reveals that the input power density decreases 


laser 
with increasing downstream distance. This situation may be ideal for 


better operation since the reduced number density may cause a gain 


saturation at lower values of intensity. 


The cavity radiation intensity, l,, in equation 4-10, is made 
as al ae ae ; 
up of the two components, I and I, in the positive and negative 


optical axis (Z-axis)respectively. 
rae (4-15) 


In this optical resonator, the positive direction is defined as 
the direction from the output mirror to the rear mirror. The 4- 


mirror 5-pass optical resonator results ina fairly complicated steady- 
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Figure 4-6 
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state intensity diagram, as shown in Figure 4-7. Assuming homogeneous 


laser transitions, the relationships governing laser oscillations in 


(100) (102) 


the Rigrod's and Cool's single-pass laser resonators are 


generally applicable to this multi-pass system. 


The small signal gain coefficient, a, is given a 


hvANw 


R 
II 


+ -_ 
(4) (42) 04) 0S) (4-16) 
ag i 


The symbols are described in Section 4-3. From equation (4-16) it is 


seen that 


I’ I = Constant (4-17) 


Figure 4-7 also shows that the radiation intensities are reduced 
at each mirror surface due to mirror absorption and scattering. The 
absorption loss is greatly increased by the intermediate folding mirrors 


since the radiation intensity at these mirrors is nearly twice that 


at the output or the rear mirror. Under steady-state oscillation the 


following relationship exists. 


+ a 
C2 ao Sarath (4-18) 
I if 
L fe) 


Where 'o' and 'L' denote Z=o and Z=L respectively. Y, and Y, are the 


effective reflectances of the output and the rear mirrors respectively. 
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Optical Axis 


Figure 4-7 Schematic Diagram of the 
Normalized Radiation Intensity for a 
Steady-State Stimulated Emission in the 


4-Mirror 5-Pass Resonator 
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In this 5-pass optical resonator, the mirrors are so designed that 


each mirror has constant Reece pence ee 


with the same loss factor, hae 
Yq =l1-2 - e. 
(4-19) 


ae ee 


Yo is also applicable to the intermediate folding mirrors. TL is the 


transmittance of the output mirror. 


Assuming that the gain medium is homogeneous, the intensities at 


the output and the rear mirrors can be expressed in terms of a, Yq? Yo 


and we 
fe) 
— im -2 
ang I, Yy (4-20) 
- 2aL 8 
= 9 -21 
Tir ue: e ney oa ite (4-21) 
L fe) a: 
oe Ta : ace : 2 (4-23) 
L fe) 2 
The transmitted intensity, If: is represented by 
a= haltech 2aL 8 


From equations (4-20) and (4-21), the steady-state oscillation 


condition can be deduced as follows: 
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Figure 4-8 Schematic Diagram of the Normalized 
Steady-State Oscillation Conditions; 
A 4-mirror 5-pass Resonator is compared 
with a 2-mirror l-pass Resonator. Re 
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hy) 3 sboee “Nos sey (4-25) 


of odZ = aL = - Fm(l- 2)? . Q-2)- t)) (4-26) 
This is plotted in Figure 4-8 by varying Le and te for a 2-mirror 
l-pass and a 4-mirror 5-pass resonators with the same effective active 
medium length. The result shows the effect of mirror absorption clearly. 
With the same reflectances and transmittances of mirrors, the single- 
pass resonator requires much less population inversion than the 5-pass 
resonator for a steady-state oscillation. The optimization of trans-— 
mittance against mirror loss is well treated in Reference 102. 

In conclusion, the P.I.E. laser model and computer code based 


(94) 


on Manes and Seguin's five temperature model 


(97) 


, and Davies' refined 
model , results in good parameter predictions. In this computer 
calculation the pulser effect was excluded on the grounds that the 
preionizing input power is less than 5% of the sustainer input power. 
However, for a P.I.E. laser with much more preionizing input power, 
the inclusion of pulser effect is important. More preionizing input 


power may degrade the pumping efficiency because it lowers the E/N 


value below that of this P.I.E. laser. 


The parameters such as vibrational temperatures, upper and lower 
laser level number densities, and population inversion were also 
printed and plotted. The measurements of these parameters are out of 
the scope of this thesis. However, the computed values and curves are 


presented in Appendix A for reference purposes (Data 2). 
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CHAPTER 5 


CONCLUSIONS AND SUGGESTIONS 


The main objective of this project has been to develop a high 
power C.W. laser (at least 1 kW) for industrial application, and to 


conduct a detailed parametric study of the system. 


A kilowatt P.I.E. (Photo-initiated, Impulse-enhanced, Electrically 
Excited) co, C.W. laser system has been constructed and successfully 
operated. The pumping mechanism of chev Pe. Lik. CO, laser, isynot different 
from that of a conventional co, laser. However, the purpose of the 
P.I.E. laser system is to improve the input power loading by employing 


a double preionization technique; U.V. initiation and impulse enhancement. 


In Chapter 1 a historical review of the operating principles and 
pumping mechanisms of high power cO., lasers was made. Selective pumping 
OL the co, upper laser level (00°1) by energy coincidence with No and 
selective relaxation of the lower laser level (10°0) by collisional 
relaxation with He are two major mechanisms used to establish a population 
inversion ina co, laser gas mixture.” A’ larger population inversion for 
a fixed laser gas mixture is achieved by increasing the input power 
within the gain saturation limit. The input power loading can be improv- 


ed by utilizing a proper preionization technique which eliminates or 


extends the arc limit. 


The spark sources (J77 spark plugs) employed have a broad Ves 
spectrum. However, one-step photoionization of a co, laser gas mixture 
is precluded by the fact that co, heavily absorbs for A’ < 1700A except 
for a narrow window at A = 1200 a The one-step photoionization wave- 
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lengths of the laser gas constituents are considerably below Anis) TG eo 2 ), 
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The wide frequency spectrum of the U.V. source and the narrower 
bandwidth of photoionization results in a low overall preionization 
efficiency. The efficiency is defined as the ratio of resulting 
sustainer current to the preionizing power input. The preionization 


(22) 


can be enhanced by direct impulse multiplication 


Chapter 2 provides a detailed description of the P.I.E. laser 
system constructed for this thesis. The system has been designed for 
TF (tranverse flow), and TE operation in which the electric field, gas 


flow and the optical axis are mutually orthogonal. 


The laser box accommodating the main electrodes, optical resonator, 
U.V. sources and a flow guide, provides easy access so that the electrode 
configuration can be quickly changed. A turbo blower provides a maximum 
flow velocity of 50 m/s through the discharge volume; which is equivalent 
to an 1800 2£/s flow rate. This flow rate exchanges the discharge volume 


490 times per second and develops a 2.3 ms gas residence time. 


Three different cathode materials, graphite, aluminum and copper 
machined to assume approximate Rogowski profiles, were tested. The 
graphite cathode proved to be unsatisfactory since the surface was 
eroded by repetitive impulses, and the resulting dust contaminated the 
system. The localized oxide film on the aluminum cathode surface 
distorted the discharge uniformity and eventual arc formation resulted 
in pits. These pits initiated arcs for subsequent tests. For the reasons 
mentioned above, the graphite and aluminum cathodes were exempted from 
further experiments. The copper cathode performed well for operation at 


lower pressures (< 20 torr). The thin wall of this cathode provided very 


efficient cooling. 
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In P.I.E. laser operation the space charges appear to take an 
important role in limiting the input power loading. A small disturbance 
in the uniform discharge of a continuous surface cathode may cause an 
arc and the restoration to a glow discharge is impossible without 
decreasing the sustainer voltage. This prompted the design of a multi- 
element cathode in which each subelectrode is ballasted by a circulating 
fluid; tap water or potassium carbonate (K,CO,) solution. Much more 
effective row ballasting is achieved by increasing the fluid gap in 
the gas flow downstream direction. The self-optimization characteristic 
of current distribution, resulting from electrode corrosion in the fluid, 
gradually improves the input power loading with the operating time. 

After 100 hours of operation the input power was improved by a factor of 
three. Also, in the event of an arc in the discharge the increased 
elemental current causes localized heating and vaporization of the conduct- 
toe laid. Lhe high resistance gas bubbles, momentarily so formed, then 
acts to extinguish the arc. Uniform current distribution is therefore 


resumed without experiencing component damage. 


The most effective anode was found to be a grate-type, made of 6.3mm 
copper tubes. The tubes were spaced 6.3mm apart so that 504 Us Vien transis 


mission was obtained. 


The preionizer is composed of two units; a trigger unit and a 
pulser unit. The trigger unit provides 1.6 kV positive triggering 
pulses to the grid of a thyratron, HY1802, in the pulser unit. D.C. 
charging of the pulser unit is accomplished through a set of saturable 
inductors. A typical value of inductance varies from 1.2 henry non- 


saturated to 34 millihenry saturated. This variation imposes very slow 
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initial charging (typically 12 us) and very fast main charging (6 us). 
This saturable inductor and a charging diode unit provides a resonant 
charging condition for a frequency less than twice that of the natural 
frequency. The resonant charging is characterized by the fact that 
the pulse voltage is almost twice the power supply voltage. This 
efficient pulser provides 10 megawatt pulses at a rate,of 20 kHz at 


20, KV. 


Most of the experimental results are presented and discussed in 
Chapter 3. The experiments are subgrouped into three different 
categories. The initial experiments were conducted with a continuous 
surface cathode at lower pressures (< 20 torr). Subsequent experiments 
were devised to evaluate the solution ballasting technique, and to 
provide design criteria for solution ballasted electrodes. The final 


experiments involved two solution ballasted multipin cathodes. 


In this P.1I.E. laser system U.V. initiation is proven to be quite 
important in establishing a uniform discharge. U.V. light provides 
uniformly distributed background electrons which are multiplied by the 
immediately following impulse. The preionization efficiency is the 
largest for the impulse and smallest for the U.V. A slightly lower 
efficiency is achieved with U.V. initiation and impulse enhancement , 


however, the largest sustainer current is obtained. 


V-I characteristic curves for this P.I.E. laser system were 
interpreted with the aid of those obtained in a low pressure self-sustained 
paterereet?2) , Under normal operating conditions the high background 
electron density from preionization causes the Townsend discharge region 


in the V-I characteristic curve to be absent. However, at relatively 


low preionization levels a V-I characteristic curve somewhat similar to 
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the normal glow characteristic is nbese ben With lower preionization, 

the Townsend discharge region also is detected. The glow initiation 
voltage gradually decreases with increasing preionization. As the 
preionizing power is increased a quasi-continuous glow is established 
without the sustainer voltage. The high current end of each curve shows 
the abnormal glow characteristic. In this region the sustainer voltage 
creates some electron-ion pairs and these are subjected to impulse 
multiplication. It is estimated that about 2 x 109 electrons are generated 
with 10kHz at 15 kV preionization. This is an order of magnitude 


smaller than the required density of 3 x 1010 for 20 A operation. 


In connection with the V-I characteristics three modes of P.I.E. 
laser operation have been realized. In the preionizer sustained mode 
the sustainer voltage merely collects the charged particles without 
contributing to the plasma generation. Removal of preionization results 
in termination of the discharge. The self-sustained glow mode is an 
intermediate region where sufficient ionization to sustain a glow 
discharge is achieved by the sustainer voltage when the preionization is 
removed. In the pulser maintained mode the sustainer contributes a 
large part of the ionization and preionization stabilizes the discharge. 
When uniform background electrons are removed, E/P increases rapidly due 
partly to the poor sustainer power supply regulation and partly to the 


decreased ionization. This results in an arc. 


Much improved input power loading has been achieved by utilizing 


both types of solution ballasted cathodes. Input power loading of 


8.8 W/cc and 190 kW /1b are the thermal limits reported by Nighan‘?), 


and Petreriee a. respectively. Increasing pin density from 1 pin/2.6 cm 


to 1 pin/1.4 ge did not improve the power loading significantly, However, 


vial Pee "Hears, wie eee : 
perenne dab Jaw none ‘ 
sis} an ishlnk way oa raheem smi ri ¥3) | 
od 6A Hah bioedwiny! grt panal rae 
bated féytee: eh la BAHT ae ios | 
erode seers oes he ete sells dais sat si | Ses ro be: 
Lott adavt’ HOT nO hges Ey at perneramer ss ' sa 
pailpyat of Bees btdue Rkshel rT ert pecan a 
sn totes So epreindatad toad ie aalanl sedy bezamtaus wat.» | | 
wei. ae eh peed coal zectinattg vt it ae 
‘nolaeseds"A OF net TRO ee 4 aint teatipen di 


Pn a 
vo, amis wala sekseinae? t io? avy Woke pees oe 
Lo ; 


antevaus sorta Als /beehtsen’ narod eat ge %e 
seq hebrerts walt atankiso here setter il 
2) ae wep ie Beeoemedl ian Sakata wtih Os oP} 
voly pemhwhewg-3ioe eet ssyzadoeth edd 1 
4 5 ahetwen of) madeekeed esioh 3a anche 
ek ncitdinaite eda Ald sole eged low renkataue ia 8 haw ass 
entadis anaes wae! nS ati? won suotnontgaaening sis 
bg n oth: apes aniilsaioas “onasasdinakirss bab. mobraaiaot, nee 
wb vibiess pomageank, $\e:, s2ovemer 270, annezants heworganed a 
ond o2 viveng Dat sated de Lergytart waive, MevOd eal pzeye ino: pa: pace 
ie fies on pea ) ti oni | 
Aetad Lig oe negd end wibbnas. ren i | Cs ue vo i : 
ie. antbnnd weedy. seqek latte 
. ee antati Bite tee Pedi on hdmi Sere NAY Mie, ih ' An 


Say kf shade hk j, ‘ees ee 
+ yevawag ee 


Ee a, ine - 
x4 AT in ae Oa 
re 


me, 


x‘ 7 vi Asal 


pie 


the increased pin density decreases the current density per pin and 

the total ballasting resistance. Tap water can be used as a ballasting 
fluid. However, an electrolytic solution is more useful, since the 
fluid resistance may be changed with ease. A series of tests with easily 
obtainable compounds revealed that potassium carbonate solution is 
suitable for practical application. Among several pin materials tested, 
such as tungsten, brass, copper, aluminum, nickel, monel and stainless 
steel, only stainless steel showed satisfactory performance in both gas 
and fluid discharges. The rest of the materials performed poorly in 
gas and/or fluid. Moreover, stainless steel and potassium carbonate 
solution complemented each other so well that a cathode consisting of 

3 mm diameter stainless steel pins will operate for more than a 


thousand hours. 


The optimum co, partial pressure in the laser gas mixture is found 
to be low (* 2 torr out of 50 torr of total pressure). This is in good 
, “ (8,13) , 
agreement with the literature . Computer calculation shows that 
less than 10% of the CO, molecules are excited to the upper laser level. 
This suggests that the partial pressure of co, should not be unnecessarily 


high because of its adverse effect on the discharge stability. The small 


signal gain coefficient (%/cm) is comparable to that of Reference 48 . 


However, a direct comparison with the existing data is limited due to 

the unspecified discharge parameters. More meaningful comparison may 

be made with the "specific gain coefficient" (% om (watt) which is defined 
as the ratio of the small signal gain coefficient to the input power 


density. 


The small signal gain measurement also shows that the gain profile 


can be improved by using the differential fluid gap spacing concept, a he 
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the idea of compensating the lower plasma impedance on the gas downstream 
side by introducing more ballasting resistance to the downstream pins. 
The spatial gain variation between the cathode and anode shows a rapid 
change near the electrodes. The gain enhancement near the anode is in 
good agreement with References 35, 101. The gain variation between 

the rows is large near the cathode and small near the anode. This varia- 
tion is also dependent on the sustainer current. At higher currents 

the variation is smaller. This signifies that the gas is more uniformly 
excited due to the fact that the discharge column from each pin grows 
larger with increasing current. The temporal gain variation is almost 
negligible since the preionizing input power is less than 5%, and the 


sustainer current fluctuation is small under normal operation. 


A 5-pass optical resonator with a hole coupled output mirror was 
used to extract a maximum laser output power of 1200 watts continuous 
wave at 10.6 um. This yielded approximately a 5zZ discharge efficiency 
and a 3.5% overall efficiency. This relatively low efficiency is 
attributed to the high reflection loss of the multipass system employed. 
A theoretical calculation shows that at best only 50% extraction of the 
available power can be achieved with this 5-pass system. This situation 
could be improved by designing a longer laser cavity and utilizing a 
resonator making fewer passes. This argument is supported by the fact 
that, for a lower pressure discharge (< 20 torr), the 5-pass optical 
resanator extracted only 4% of the discharge power,while a 2-pass 


resonator achieved a 10.5% efficiency. 


The quality of the laser beam obtained with the hole coupled mirror 


is low in the sense that the focused beam size is too large (typically 
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~ 5 mm diameter). The reason for this is that most of the beam power 

is extracted by refraction. This problem can be solved by using a 
dielectric mirror within the threshold power density. The focused beam 
size was reduced to approximately 1 mm by using a ITRAN IV(Zinc Selenide) 


2 nen 


output mirror. This is equivalent to a power densityyot JE. 3a LO 
when the output power is 1 kW. This power density is capable,»of ,cutting 
2 em thick mild steel, and of penetrating welding 3 mm thick stainless 


steel. The device also proved to be capable of drilling deep holes in 


such materials as concrete, NaC%, coal, ceramic, and asbestos. 


The P.I.E. laser modeling was performed in Chapter 4. Manes 


(94) 


and Seguin's five temperature model was refined to include the 


effects of CO and the change of the translational temperature in the 


CEES This model has been further extended to 


discharge by Davis et al 
represent the C.W. P.I.E. laser developed for this thesis. The time 

evolution of the energy stored in each vibrational mode is also a spatial 
dependent in this P.I.E. laser system. The Left hand sideof each energy 


balance equation is modified to include two independent variables and 


the gas flow velocity. 


Five vibrational energy equations, the time rate of change of 
the total gas kinetic energy equation, and the time evolution of the 
radiation intensity were solved by using System/360 Continuous System 
Modeling Program language which has eight built-in integration routines. 
This program can produce many outputs such as the gain coefficient, 
gain, number densities, vibrational temperatures, translational temperature 
and power output. Due to the limited space only several parameters are 
calculated, and the results are included in Appendix A. The results are 


in good agreement with the measured data. 
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The P.L.B.tC.W. Laser ae developed for this thesis may be 
utilized in industry as a basic unit of a high power laser system. A 
building block concept, in which a system is scaled up by stacking the 
unit system in series, may be useful. A simple calculation in this 
connection shows that a 3 m long system (6 units) will easily produce 
a 10 kW C.W. laser. In this scaling method, no uncertainty factors are 
involved. The anode developed in this project may be utilized in very 
high power laser systems. The potassium carbonate solution ballasted, 
stainless steel pin cathode appears readily scalable to very large 
size and power levels. This pair of electrodes and the 2.1... tech- 
nique have constituted a firm basis for stable, durable and controllable 


high power laser operation. 


Investigation is required on the mirror curvature arrangement, 
and the reflectivity of the output mirror to obtain the maximum optical 
power extraction efficiency. In this connection, the focused beam 


quality has to be studied for efficient material processing. 


An automatic or semi-automatic control system is required to 
correct the gradual misalignment of the optical resonator during operation. 
The misalignment may occur by such mechanical causes as systems' 


vibration and mirror surface heating. 


Also a high power beam monitoring and controlling device is 
needed for fully controlled material processing. The above suggestions 
cover only a part of many research topics related to industrial application 


of-a P.1.E. Laser. 
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APPENDIX A 


Computer Program 


The program provides an application-oriented language that 
allows the problems to be prepared directly froma set of ordinary 


differential equations. 


Two important features of S/360 CSMP are statement sequencing 
and a choice of integration methods. With few exceptions, structure 
statements may be written in any order and, at the user's option, may 
be sorted automatically (or not sorted) by the system to establish 
the correct information flow. Centralized integration is used to ensure 
that all integrator outputs are computed simultaneously at the end of 
the iteration cycle. A choice may be made among the fifth-order Milm 
predictor-corrector, fourth-order Runge-Kutta, Simpson's, second-order 


Adams, trapezoidal, and rectangular integration methods. 


FORTRAN IV (Level G) is used as the source language. With the 
proper MTS (Michigan Terminal System) command language explained in 
Reference 105 , the CSMP source program is translated, executed, printed, 


plotted or punched. 


Normally the independent variable is time, t. However, in this 
case the independent variable is downstream distance, x. For this 
reason, the time is renamed to x before the INITIAL segment. The program 
is immediately followed. The data 1 and data 2 are the computed 
results for the first and second computation respectively. The graphs 


are computer plots for some of the second computation outputs. 
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Cw FIE LASER 


x CM 
0.0 
2,0000E-01 
4.0000E-01 
6.Q000E-01 

- 8.0000E-01 
1.0000E 00 
1.2000E 00 
1.4000E 00 
1.6000E 00 
1,6000E 00 
2.0000E 00 

+ 2000E 
2.4000E 
2,6000E 
2.8000E 
3,0000E 
3.2000E 
3.4000E 
3.6000E 
3.8000E 
4.0000E 
4.2000E 
4,4000E 
4.6000E 
4.8000E 
S.0000E 
5.2000E 
5.4000E 
5.d000E 
5.8000E 
6-0000E 
&-2000E 
6-4000E 
6.6000E 
6. 8000E 
7-0000E 
7. 2000E 
7-4000E 
7-6000E 
7-8000E 
8.0000E 
8.2000E 
8.4000E 
8.5000E 
8.8000E 
9.0000E 
9.2000E 
9-4000E 
9.6000E 
9.8000E 
1.0000E 
1.0200E 
1-0400E 
1.04600E 
1.0800E 
1.1000E 
1.1200E 
1,1400E 
1.1600E 
1.1800£ 
1.2000E 
1.2200E 
1.2400E 
1-2600E 


T ox 
3,0000E 
3,0003€ 
3.0019E 02 
3.0044E 
3.0079E 
3.0121€ 
3.0170E 
3,0226E 
3.0289E 
3.0358E 
3.0433E 
3.0514E 
3.0599€ 
3,.0688€ 02 
3.0782E 02 
3.0880E 
3.0981 
3.1083E 
3.1191E 
3.1302E 
3.1417E 
3,1534E 02 
3,1653E 
3.1774€ 
3.1998E 
3,2024E 

.2151E 
3, 2280E 
3.2408E 02 

.2537E 
3.2668E 
3.2802E 02 
3.2936E 
3.3072E 
3.3209E 
3.3349£ 02 
3.3489E 
3. 3629€ 
a Mare7E 
3.3910E 
3.4052 
3.4191 
3, 43532£ 
3.4476E 
3.4619E 
3.4763E 
3.4908E 
3,5051E 
3.51996 
3.5339 
3.5482E 
3.5632E 
3.5780E 
3.5924E 02 
3.6068E 
3.6215E 
3.5365E 
3,6512E 
3.6658E 
3.5804E 
3,4953E 02 
3.7098E 
3.7246E 
3.7391E 


Ti 
3.0000E 
3,O113E 
3.O0201E 
3.0294E 
3.0389E 
3.0487E 
3.05986E 
3.0687E 
3.0790E 
3.0895E 
Z,LOO02ZE 
3.1110E 
SIZE 
3.1330E 
3.1441E 
3.-1554E 
3.14668E 
3.1781E 
3.1895€ 
3.2013€ 

© 2132E 
3.2252E 
Saiso7oe 
3.2494E 
3.2617E 
3,.2740E 
3.2864E 
3.2987E 
Se S1ISE 
Ss. s25c8 
3.3363E 
3.3491E 
3.3619E 
3.3748E 
3.3878E 
3.4010E 
3.4142E 
3.4275E 
3.4405E 
3.4539E 
3.4674E 
3.4805E 
3,.49738E 
3.5073E 
3,.5208E 
3.9344E 
3.5481E 
SS6LcE 
Sos one 
3.58886 
3.6023E 
3.6164E 
3.4305E 
3.6441E 
3.4578E 
Bee717& 
3,6859E 
3.7000E 
Bi hse 
SiH 7 
3.7420E 
Se 7oore 
3, 7699E 
3,7838E 


PROBLEM DURATION 0-0 


VARIABLE 
T 
ALFA 
GAIN 
V1000 
yooot 
DELN 


MINIMUM 
3.0000F 02 
-4.6G27E-05 
3.9738E-O01 
7,1005F 13 
7,0663E 11 
-2,1969E 12 


T2 
3.0000E 02 - 
3.,0097E O02 
3.O0177E O02 
3,0261E 
3.0350€ 
3,.0441E 02 
3.OS535€ 
3.0631E 
3.0730E 
3,0832E 
3.093S5E 
3. 1041E 
3.1148€ 
3.1257€ 
3.1368E 
3.1480E 
3.1593E 
3.1706E 
3.1820E 
3.1939E 

e200 Ze 
3.2178E 
3.2299E 

»2421E 

e2545E 
3.2670E 
Sen 7oe 
3.2921E 
3.3046E 
3.S172E 
Seer 7& 
3.3427E 02 
3,.3557E 
3.3687E 
3.3818E 
3.3952E 02 
3.4085E 02 
3.4220E 
3.4351E 
3.4486E 02 
3.4622E 
3.4755E 
3.4889E 
3.5025E 02 
3.S161E 
3.5298E 
3.5437E 
Secio7 se Oz 
Spavivoe 
3.5847E 
3.5983E 
3.612S5E 
3.6267E 02 
3.46404E 02 
3.46542E 
3.6682E 02 
3.6825E 
3.46966E 02 

3.7106E 02 
3.7246E 
3.7389E 
Be 7527E Oe 
3.7670E 02 
3,7809E 


TO 1,.2600E 


MAXIMUM 
3.7391E 02 
2.7017E-03 
2-1633E 00 
2.4913E 14 
1.9900E 15 
1.3286E 14 


DATA1 


ALPA 
4.6827E-05 
2.0280E-04 
4.S5521E-04 
5.34639E-04 
8.97468E-04 
1.0906E-03 

+ 2658E-03 
1,.4275E-03 
1.5737€-03 
1.70463E-03 
1.8247£-03 
1.93S8E-03 
2,034SE-03 
2.1236E-03 
2.2037E-03 
2.2757E-03 
2.3399E-03 
2.3971E-03 
2.4480E-03 
2.4928E-03 
2.5321E-03 
2.5663E-03 
2.5957E-03 
2.6209E-03 
2,46421£-03 
2.6594E-03 
2.6734E-03 
2.6843E-03 
2.6925E-03 
2.6981E-03 
2.7011E-03 
2.7016E-03 
2.7902E-03 
2.6968E-03 
2.6915E-03 
2.6843E-03 
2-6756E-03 
2.46657E-03 
2.6547E-03 
2.6422E-03 
2.6286E-03 
2,.6145E-03 
2.5994E-03 
2.5832E-03 
2,5661E£-03 
2.5484E-03 
2.5301E-03 
2,.S5113£-03 
2.4915E-03 
2.4720E-03 
2.4520E-03 
2.4310€-03 
2.4096E-03 
2.3883E-03 
2.36697E-03 
2.3451e-03 
2.3226E-03 
2.3000E-03 

+ 2774E-03 
2,.2548E-03 
2.2316E-03 

+2092E-03 
2.1858E£-03 
2.1629E-03 


OL 


x 
1,.2600E 
6.1409E 
6.1264E 
1.2600€ 
7.6766E 
6.7158E 


RKS INTEGRATION 
GAIN yv1000 CM? Yyo001 CM 
9.9738E-01 7.100SE 13 7,06463E 
1,0114E 00 7.2511E 13 1.6S531E 14 
1.0259E 00 7,3655E 13 3.3170€ f4 
1.0392E 00 7.4886E 13 4,9446E 14 
1.0514E 00 7.618SE 13 6.2451E 14 
1.0630E 00 7.7549E 13 7.5292£ 14 
1.0735E 00 7.8969E 13 8.7075E 14 
1,0832£ 00 8.0434E 13 9.7885E 14 
1.0921E 00 8.1974E 13 1.0779E 15 
1.1003E 00 98.3572E 13 1.1685E 15 
1.1077E 00 9.5217E 13 1.2515E 15 
1.1145E 00 6.46924E 13 1.3276E 15 
1.1207E 00 9.8679E 13 1.3972E 15 
1.1263E 00 9.0488E 13 1.4609E 15 
1.1313E 00 9.2348€ 13 1.5191 15 
1.1359E 00 9.4252€ 13 1.5723E 15 
1.1400E 00 9.6218€ 13 1.6207E 15 
1.1437E 00 9.8195E 13 1.6047E 15 
1.1469E 00 1,0024€ 14 1.7048 15 
1.1498E 00 1.0237E 14 1.7412E 15 
1.1S23E 00 1.0455E 14 1.7743£ 15 
1.1546E 00 1.0679E 14 1.8042 15 
1.156SE 00 1.0909E 14 1.8311 15 
1.1581£ 00 1.1143 14 1.8554E 15 
1.1595E 00 1.1383 14 1.8771 15 
1.1606E 00 1.1630E 14 1.8964E 15 
1.1615E 00 1.1880E 14 1.9137E 15 
1.1622E 00 1.2135E 14 1.9290E 15 
1.1627E 00 1.2393E 14 1.9424 15 
1.1631£ 00 1.2656E 14 1.9541£ 15 
1.1633E 00 1.2924€ 14 1.9642E 15 
1.1633E 00 1.32016 14 1.9727£ 15 
1.1632E 00 1.3482 14 1.9799€ 15 
1,.1630E 00 1.3769F 14 1.9859E 15 
1.14627E 00 1.4063E 14 1.9905E 15 
1.1622 00 1.42367E 14 2.9941£ 15 
1.1616E 090 1-.4674E 14 L.99466E 15 
1.1610E 00 1.4985 14 1.9981 15 
1.1403E 00 1.5297E 14 1.9988E 15 
L.1595E 00 1.5621 14 1.9986 15 
1.1586E 00 1.S9S1E 14 1.9977E 15 
1.1577E 00 1-6276E 14 1.9960E 15 
1.15467E 00 1.6609E 14 1.9938E 15 
L.1556E 00 1.6953E 14 1.9908E 15 
1.1545E 00 1.7301E 14 1.9872E 15 
1.1534 00 1.7655E 14 1.98316 15 
1.1522E 00 1-8017E 14 1.9785E 15 
1.1510E 00 1.8377E 14 1.9734E 15 
1.1497E 00 1,.8753E 14 1.-9478E 15 
1.1485E 00 1.9117E 14 1.9619€ 15 
1.1472E vO 1.9491E 14 1.9558E 15 
1.1458E 00 1.9884E 14 1.9491E 15 
1.1445E 00 2.0283E 14 1.9421 15 
1.12318 00 2.0673E 14 1.9347E = 
1.1417E 00 2.1068€ 14 1-9273E 15 
1.1402E 00 2.1475E 14 1.9194E 153 
1.13896 00 2.1895E 14 1-9115E 15 
1.1375€ 00 2.2315 14 1.7032E 15 
1.1360E 00 2+2736E 14 1-8946E 15 
1.1346E 00 2.3159E 14 1.8859£ 15 
L.1331E 00 2.3597E 14 1.87469E 15 
1.1317E 00 2,4026E 14 1.86381E 15 
1.1302E 00 2,4472E 14 1.8587E 15 
1.1788 00 2.4913E 14 1.84942 15 
o1 TIMER VAKIABLES 
00 DELT = 1,0000£-02 
00 DELMIN= 1.2700E-04 
01 FINTIM®= 1.2600E O1 
00 PRDEL = 2.0000E-01 
00 OUTDEL= 2,0000E-01 


pS ye 


DELN CMS 


11 -2.1969E+12 


9. SIS1LEt+12 
2.13463Et+13 
3. 2226E413 

s2L7OET1S 
§.1270E+13 
S.9601E+13 
CN HATE Nj 
7.4188E+13 
B.OS29Et13 
B8.6317Et13 
9.1SPSEt13 
9.639S5SE+13 
1.0076E+14 
1.0472E+14 
1.0832E+14 
1.11S56E+14 
1,1448E+14 
1.1711E+14 
1.1946E4+14 

s2157E+14 
1.2344E+14 
Lo2S09ELLT4 
1.26S55E+14 
1.2782E+i4 
1.2891E+i4 

e298SE+14 
1.3063E+14 
1.3L29Et14 
1.3183E+14 
1.3224E+14 
TSeose tls 
1,3273E+14 
1.3284E+14 
1,328S5E+r14 
1.3278E+14 
1.3243E+14 
1.3241E£+14 
1.3214E6+14 
1.31 79E+14 
1.3139E+14 
1,.3075E+14 
1.3046E+14 
1.2992E+14 
1.2933E+14 
1.2870E+14 

»2804E+14 
1.2735E+14 
1,.2661E+14 
1,2537E+14 
1.2511E+14 
1,2430E+i4 
1,2346E+14 

»2261Et14 

+2176E+14 
1.2088E+14 
1.1997E+14 
1.1970S5SE+14 
1,1811E+14 
1.1717E+14 
1,1620E+14 
1.1525€+14 
1.1426E+14 
1.1329E+14 
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SAMPLE PROGRAM 


**XKXCONTINUQUS SYSTEM MODELING FPROGRAMXXXX 


7? 


¥X¥XFROBLEM INFUT STATEMENTSXX* 
TITLE CW FIE LASER 
RENAME TIMNE=X 
INITIAL 
VCOLO=FCO2KZ 
UN2O =FN2 XZ 
VHEO =FHE XZ 
TAC =-ALOG(RE) X2.XAL/C 
SF=GMV/0TYV 
FEO =TXRX(S.KUN2/2.+5.XVCO2/2.+3.XVHE/2.) 
E100 =THIXR¥FXVCO2/ (EXEC THI/TO)-1.) 
F200 =2,XTH2¥RKFXVCO2/ (EXP(TH2/TO)-1.4? 
E300 =THS*XRXFXVCO2/ (CEXF(TH3/TO)—-1.) 
E400 =TH4XRKUN2/ (EXEC TH4/T0)-1.) 
VE =AI/(1.4602E-19XVDKAR) 
if =TO 
unk =T10 
ie =T20 
es =T39 
T4 =T40 
VCo2 =VCO020 
YUN2 =YN20 
U =U0 
VHE =VHEO 
CONSTANT Xi =4,0E-0?s X2 =4,0E-09» X3 =5-OE-OP ree. 
x4 =2,0E-O8» XS =3,.0E-08» FCO2D =1Ls7 veer 
FN2 =7-3s FHE =36,.0» GMV =4500,07e+- 
OTV =4500.0% F =1.0» XJ =19.O0%ee- 
vu =1.0E07» RE =0,43» XH =46.462E-277- 
AL =56.0» Al =14.0» AR =/700.Oxv eee 
XNCO2=7.3E-23y XMNN2 =4.6E-237 XMHE =6.7E-24 
CONSTANT & =1,38E-1és C =2,998E10» AMIIL =10.45E-O04%, 
QHE =3.7E-15» TO =300.0, THI =1997.Oree- 
TH2 =960.0% THS =33890.07 TH4 =S5354-Or ee 
THL =1380.0» 78 =3 ..S3GE1S2 e+ 
RB =O0,38d4r QCO2 =1.3E-14» QN2 =1.14E-14». 
TASP =5.0» LQINU =0.0y» UO =5O000-Ore48 
TiO =300.0» T20 =300.0% T30 =300.0% T40 =300.0 
NYNAMIC 


RiCO2=8. 65E-L5KTRKL.S 


RLOCOZ=2.O7E-O9KEXP (-77 6 /THKCL.734)) 
RLOHE =3.65E-10XEXP(-45-/TRK(1.734)) 
RLON2 =4.32E-1LOXEXP(-77./TRKC1.734)) 
RL2CO2Z=RiCO2 

RI2ZN2 =3.6S9E-L4KTRX1-S 

RIQHE =4.235E-1L7KTKKILS 
RZOCOZ=R10C02/4.5 

R2ONZ =RLON2/4-~5 

R2OHE =RLOHE/4-S 


ETSEXE (-4 2236/7672 0 7/ THK (16/36) $2683. /THK( 26/349) 


R3ICOQ=P. 6E2ZSKTKK(-S. 89) KFT 

R3N2 =6-S87ELSKTRRK(-3. 89) KFT 

R3BHE =2. 43 23KTRK(-5.89) KFT 

R43 =6.07E~-14¥EXFP C15. 3/THKC1L./36)) 
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CON'D 


Ext a1 EXE SPH? > 

TALO =1./¢¢(F XVCO2KRLOCO2Z+UN2KRION2Z+VHEXRIOHE) KEX1) 

BxX2 tee xR Co THe 71) 

TAZO =1./ (CF XVCO2ZKR2O0COZt+UN2KR2ZON2+VHEXR2OHE ) KEX2) 

EX Glee XC il / lie) ese deel Ab Galas iced) 

TAL2 =EX3/ (2. kK (FKVCO2ZKRI2CO2+YUN2KR1I2N2t+VHEXR12HE ) ) 

EXAS =EXPCTHI7 ito —1. 

EXoe =EXR CiH2/ Te). 

EXG.a SEAR CTHL 7/7 Lath T24G1HS>TH2=18b)7 Tei. 

TAS =EX4KEXS/(CEXS KAS) 

AS =FX (VCO2KR3SCOZt+YN2XRIN2+VHEXRSHE ) 

TA43 =1./7¢(F XYCO2*KR43) 

ELEO =THIXRKFKVCO2/ (EXP CTHI/T)—-1.) 

ELE2 =THIKRKXFKVCO2/ (EXP CTHI/T2)-1.) 

EPEO =2,.XF XVCO2ZKTH2KR/ (EXP CTH2/T I-14? 

EZE210=F XVCO2KTHSKR/ (EXP CTHI/TLItTH2/T2+( TH3-TH2-THL)/T)-1.> 

E4E3 =VN2KTH4XR/CEXP(TH4/T3)-1.) 

FJ =2,KXHKCXB/(RXT)K(2.KXI¢1.) KEXP C-XHECKERXIKCXIF1 69/7 ORT) 

PJL =2.XXHKCKE/ (RT) KC2.*XI+3.) KEXP (-XHKCKEKOXITL Does 
K(26kXIt3.)/0RXT)) 

EX14> =1..-EXP< -PHD/a 1) 

ExXd5) =1+ sEXR«~THAT2) 

EX16 =1.~-EXP(-TH3/T3) 

YOOOL=F XVCO2XEXF (~TH3/T3) KEXLAKEXLS¥K2.¥EX1S 

VL000=F KVCO2ZKEXF (-THI/TL) KEXL4XEXISKK2. XEX16 

DELN =VYOOOLKFU-(C2.xXXIt1.9/7°02 6 kXIt3, )KYVLOOOKF IL 

EX17 =4.XF KVCO2KQCO2/3. 14k (RKT/ (3. 14KXMCO2) )KKO.S 

EX18 =VN2KQN2/3.14*(S.XRKT/3.14K(1-/XMCO2Z41./XMN2) )**0-5 

EX19 =VHEXQHE/3.14K(8.*RXT/3.14(1./XMCO24+1./XMHE) )*KO.S 

VENUL=EX1L7+tEX1I8+EXK19 

W =SFKAMULKK2./(¢4.K3.14kkK2.*XTHLXRKXTASPXDENUL ) 

E1DOT=( VEXFXVCO2KTHIXRXX1-(E1-E1E0)/TALO-(E1-ELE2)/TAI2ZtTHI..- 
/TH3SXCES-E3ZE210)/TASt+THIXRXDELNKWKDINU) /U 

El =INTGRL(E100» ELDOT) 

E2DOT=( VEXF KXVCO2KTH2KEXX2-(E2-E2EO)/TAZO+(EL-ELE2)..» 
/TAL2Z4TH2/TH3* (CE S-ESE210)/TASI/U 

Ee =INTGRL(E2009 E2nOT> 

ESUOT=(VEXKFXVCO2ZATHSXRKX3—-(E3-ESE210)/TAS+(E4-E4ES) os 
/TA43~-THSXRXTELNKWKOTNU) /U 


ES =INTGRL(E300% ESTOT) 

E4TI0T=( VEXUN2KTHAKRKX4-(E4-E4E3)/TA43)/U0 
E4 =INTGRLCE400% E4noT> 

U =UOKT/TO 


VCO2 =VCO2ZOKTO/T 
VN2  =YN2ZOXTO/T 


VHE =VHEOXKTO/T 

1 =300.04+140-.0/1247X 

Tl =THI/ALOG(FRVCO2ZKTHIXR/ARS(E1)+1,) 
NOSORT 

XX =2,XF KVCO2KTH2*R/ARS(E2) 


IF CABS (XX).LT.10.E-S) GO TO 2 
T2=TH2/ALOG(XX+1.?) 
COPnORS 
ole =TH2/XX 
3 CONTINUE 
SORT 
T3 =TH3/ALOG (CF XVCO2KTHSXKR/ABS (ES) +1.) 
T4 =TH4A/ALOG (CUNOXTHAKR/ARS(E4) +1.) 
ALFA =THLXRXDELNKWKLOO.0 
GAIN =(EXFCALFA/100,0KAL)-1.0)%100.0 
TIMER DELT=0.012 FINTIMN=12.6 
TIMER FPROEL=0.2 
PREPAR Ts Tiley T3r ALFAs GAIN» V1000»% VYOOO1s TELN 
ERINT Ty Ti» T3» ALFAy GAINs ¥1000% VOOO1»s DELN 
TERMINAL 
ENT! 
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CW PIE LASER 


x cm 
0.0 
2.0000E-01 
4.,0000E-01 
$6.0000E-01 
8.0000E-01 
1.Q0000E 00 
1.2000E 00 
1.49000E 00 
1.4000E 00 
1.8000E 00 
2,0000E 00 
2.2000E 00 
2.4000E 
2.6000E 
2.8000E 
3.0000E 
3.2000E 
3.4000E 
3.6000E 
3-8000E 
4.0000E 
4.2000E 
4.4000E 
4.5000E 
4.8000E 
S.OO00E 
5.2000E 
S.4000E 
5-6000E 
5.8000E 
6-.0000E 
&.2000E 
-4000E 
6-6000E 
6.8000E 
7-0000E 

»2000E 
7-4000E 
7.-6000E 
7+8000E 
8.0000E 
8.2000E 
8.4000E 
8.6000E 
8.8000E 
9.0000E 
9.2000E 
9.4000E 
9.6000E 
9.B000E 
1.0000E 
1.0200E 
1.0400E 
1.0600E 
1.0800€ 
1.1000E 
1.1200E 
1,1400E 
1-1600E 
1.1800E€ 
1, 2000E 
1.2200E 
1.2400E 
1.2600E 


T OK 
3.0000E 02 
3.0220E 
3,0441£ 
3.0551 
3. 0382£ 
3.1102 
3.1323€ 
3,1543€ 
3.1764E 
3.1984E 
3.220SE 
3.2425E 
3,2646E 
3,2846E 02 
3.3087E 
3,3307E 
3.3528E 
3.3748E 
3.3968E 
3.4199€ 
3.4409E 
3.4630E 
3.4850E 
3.5071E 
3.5291E 
3.5512E 
3.5732E 
3.5953E 
3.6173E 
3.4394E 
3.5614E 
3.4835E 
3,7055E 02 
3. 72765 
3.7496E 02 
3.7717E 
3.7937E 
3.8157E 02 
3.8379E 
3.8598E 02 
3.8819E 02 
3.9039E 
3.9260E 
3.9480E 02 
3,9701E 
3. 9921E 
4.0142E 
4.0362E 02 
4.0583E 02 
4,0803E 02 
4.1024E 
4.1244€ 02 
4.1465£ 02 
4.1685€ 
4.1905E 
4.2126E 
4. 2346E 
4.2567E 02 
4.2787E 
4,2008E 
4, 3228E 
4.3449E 02 
4.3669E 02 
4,3890E 


Ti 
3.0000E 
3.0497E 
3, OB24E 
3.1180E 
3.1518E 
3.1839E 

+2146E 
3.2441E 
3.2726E 
3.300i1E 
3.3268E 
3.3529E 
3.3783E 
3.4031E 
3.4275E 
3.45139€ 
3.4750E 
3.4982E 

ow hal s 
3.S5S439E 
3.54664E 
3.S5886E 
3.6107E 
3.6326E 
3.6544E 
3.6761E 
3.6977E 
Se 7LIP2ZE 
3.740S5E 
3-7S19E 
3.7831E 
3.8043E 
3.825S5E 
3.8466E 
3.84677E 
3.8888E 
3.9099E 
3.93O09E 
3. 9S19E 
3 I729E 
S97 STE 
4,0149E 
4.0358E 
4.0568E 
4,0779E 
4.0988E 
4,1198E 
4.1408E 
4.14618E 
4,1828E 
4,.2038E 
4.2246E 

+2458E 
4.2669E 
4.2B879E 
4.3090E 
4.3301E£ 
4.3511E 
4.3722E 
4.,3933E 
4.4145E 
4,4356E 
4, 4567E 
4-4779E 


PROBLEM DURATION 0-0 


VARIABLE 
T 
T1 
T3 
ALPA 
GAIN 
V1000 
vooot 
DELN 


MINIMUM 
3.0000£ 02 
3,0000E 02 
3,0000E 02 

-4,4977£-03 
-2,.4618697£-O1 
7-100%E 13 
7,066S€ 11 
-2,.1967E 12 


eoooo0o°c[]e 
Set c8), ere, ete 3s 
ecooocoo 


DATA2 
13 ®x = ALPA &%/CM 
3.0000E 02 -4.0827E-03 
6.8089E 02 §.2554E-02 
7.92226 02 1,0858E-01 
8.6956E 02 1,58296-01 
9.3057E 02 2.0241£-01 
9,8141£ 02 2,.41461£-01 
1,0251£ 03 2.7651£-01 
1.0634E 03 3.0753£-01 
1.0974E 03 3,3523£-01 
1,1278E 03 3.5982E-01 
1.1553 03 3.9174E-01 
1,1802E 03 4.0129E-01 
1,2030£ 03 4.18646E£-01 
1.2239€ 03 4,3413E-01 
1.2430E 03 4.4786E-01 
1.2607E 03 4.6003E-01 
1.2770E 03 4.7077E-01 
1.2921£ 03 4.8020E-01 
1.3060E 03 4.8848£-01 
1.3190E 03 4.9571£-01 
1.3311E 03 5.0198E-01 
1,3423E 03 5.0736E-01 
1.3527E 03 5.119SE-01 
1.3625E 03 5.1581E-01 
1.3715E 03 5.1899E-01 
1.3800E 03 5.2154E-01 
1.3879E 03 5.235SE-01 
1.3953E 03 5.2503E-01 
1.4022E 03 5.2603E-01 
1.4086E 03 5.2540E-01 
1.4146E 03 5.2676E-01 
1.4202E 03 $§.2655E-01 
1.4255E 03 5.2599E-01 
1,4304E 03 $.2512£-01 
1.4349E 03 §.2395E-01 
1.4392E 03 5.2252£-01 
1.4432E 03 5.2083E-01 
1.4468E 03 5.1892E-01 
1.4503E 03 §.1678E-01 
1.4534E 03 5.1445E-01 
1.4564E 03 S.1194E-01 
1.4591E 03 5.0927E-01 
1.4616E 03 5.0644E-01 
1,4639E 03 5.0345E-01 
1.4461E 03 S$.0033E-01 
1.4680E 03 4.9709E-01 
1.4698E 03 4.9375E-01 
1.4714E 03 4,9029£-01 
1.4729E 03 4.8473E-01 
1.4742E 03 4,8310£-01 
1.4753E 03 4.7937E-01 
1.4764E 03 4,.7558E-01 
1.4773E 03 4.7170E-01 
1.4780E 03 4.6777E-01 
1.4787E 03 4.6378E-01 
1.4792E 03 4.5974E-01 
1.4796E 03 4.5564E-01 
1.4800E 03 4,.5152£-01 
1.4802€ 03 4.4736E-01 
1.4803E 03 4.4316E-01 
1.4804E 03 4.2893£-01 
1.4803E 03 4.3466£-01 
1,4801E 03 4.3037E-01 
1.4799E 03 4.2607E-01 
TO 1.2600E O1 
MAXIMUM x 
4,.3890£ 02 1.2600€ 
4.47796 02 142600E 
1.40046 03 1,1905E 
5.2677E-01 5.97816 
S, 43116 01 S.97H1E 
3.2091F 14 1.2400€ 
3.46446 1% 6. 0545E 
2.2207E 14 %5.2451E 


GAIN 
-2.46189E-0O1 
2.93S8E 00 
6. 2690E 
9. 2090E 
LicvOee 
1.4488E 
1.6748E 
1.8794E 
2.0eS0E 
2.2323 
2.3934E 
2.5198E 
2.64921E 
2.7521E 
2.8506E 
2.9384E 
3.016SE 
3.0854E 
3.1462E 
3.199SE 
3.2460E 
3.2959€ 
3-3201E 
3.3489E 
3.3727E 
3. 3919E 
3.40459E 
3+4130E 
3.4256E 
3.4299E 
3.4311E 
3.429S5E 
3.4253E£ 
3.4187E 
3,.4100E 
3. 3992ZE 
3.3866E 
Se s7e2ck 
3.3562E 
3.3388E 
3.3201E 
3.3001E 
Val GLE 
3.2569E€ 
3.2338E 
3.2098E 
3.1850E 
3.1596E 
3.1334E 
3.1067E 
3.O0793E 
3.O0516E 
3.0232E 
2.9946E 
2.9656E 
2.9363E 
2-9067E 
2.87469E 
2,8469E 
2.81468E 
2.7€64E 
PLR FIA) Z 
2.7253E 
2.6947E 


RKS 


INTEGRATION 
v1000 eM ~—- vooo1 cow 
7.1005E 13 7.0543E 11 
7,.4876E 13. 3.7885E 14 
Q.1832E 13. 7.4759E 14 
8.4618E 13. 1.0740E 15 
9.1243E 13 1,.3631€ 15 
9.5731E 13 1.4193E 15 
L,0010E 14 1.84696 15 
1.0436 14 2,.0488E 15 
1.0852E 14 2,2230€ 15 
1,1241£ 14 2,.3980E 15 
1.1662E 14 2,5297E 15 
1.2058E 14 2.46559 15 

13448E 14 2.7478E 15 
1.2835E 14 2.9573E 15 
1.3218E 14 2.9555E 15 
1.3598E 14 3.0336 15 
1.3977E 14 3.1024E 15 
1.4353E 14 3.1628€ 15 
1.4729E 14 3.21576 15 
1.5104E 14 3.26206 15 
1.5479E 14 3,3021E 15 
1.5853E 14 3.3365E 15 
1.46229E 14 3.3660 15 
1.4604€ 14 3.3908 15 
1.6981E 14 3.4114E 15 
1.7358E 14 3.4290E 15 
1.7737E 14 3.4413 15 
1.8117£ 14 3.4512E 15 
1.8498E 14 3.4582£ 15 
1.8881E 14 3.4625 15 
1,92466E 14 3.4643E 15 
1.9652E 14 3.4639E 15 
2,0040E 14 3.4613E 15 
3O430E 14 3.4568 15 
>.OB821E 14 3.4505E 15 
2.1215SE 14 3,4427E 15 
2-1611£ 14 3.4333E 15 
2,2008E 14 3.4226E 15 
2.2407E 14 3.4105E 15 
2.2808E 14 3.3973E 15 
2,3211£ 14 3.3831€ 15 
7,3616E 14 3.3679€ 15 
2.40226 14 3.3518E 15 
2,4431E 14 3.3348E 15 
2.4841E 14 3.3171€ 15 
3 1S253E 14 3.2986E 15 
35S687E 14 3.2796E 15 
2.46082E 14 3.2599E 15 
2.6498 14 3.2397E 15 
2.6916 14 3.2191€ 15 
2.7336E 14 3.1979 15 
2.7756E 14 35.1764E 15 
2.8179E 14 3.1544E 15 
2,8602E 14 3.1322E 15 
219027E 14 3.1096E 15 
2,9452E 14 3.0867E 15 
2.9880E 14 3.0626 15 
3.03076 14 2,0404E 15 
3.0736E 14 3.0169E 15 
3.114656 14 2.9933E 15 
3.1596E 14 2.9696€ 15 
3.2027E 14 2.9454E 15 
3.24596 14 2,9215E 15 
3.2891E 14 2,8974E 15 


TIMER VARIABLES 


DEET = 
DELMIN= 
FINTIM«@ 
FRDEL © 
GUTDEL® 


1,0000E-02 
1.2600E-06 

»2600E O11 
2,0000E-O1 
2.0000E-01 


256 


DELN CMS 


2.1969E 
2-45466E 
S.0569E 
7. 34S7E 
9.3596E 
1,1133€ 
1,2596E 
1,4071E 
1,5284€ 
1.S5349E 
1.7286E 
1,.8109E 
1.8829E 
1,.9459E 


22370E 


2.1587E 
2.1436E 
2.1278E 
2.1114E 
2.094S5E 
2.0770E 
2.,0589E 
2.040S5E 
2.0217E 
2.0026E 
1,9831E 
1.9634E 
1,.9434E 
M9252e 
1.9029E 
1.8824E 
1.8617E 
1,8410€ 
1.8202£ 
1,.7993E 
1,7784E 
1,7574E 
1.7365E 
1,.715S5E 
1.6945E 
1.673S5E 
1,.6526E 
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Figure APX1 Vibrational Temperature —- Computed (100) 
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Figure APX2 Vibrational Temperature — Computed (001) 
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Figure APX3 Number Density - Computed (100) 
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